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ABSTRACT
Investigating the Role of Mechanical Properties in Biological Systems
Nicole Shamitko-Klingensmith

There is considerable interest in measuring, with nanoscale spatial resolution, the
physical and material properties of biological membranes and whole cells because of
their role in the physiology of living systems. The atomic force microscope (AFM) has
proven to be particularly well-suited for biological studies because samples can be
maintained in near physiological conditions to preserve sample integrity (such as in a
buffer solution at a physiologically relevant pH or temperature), and the imaging process
is relatively nondestructive. In this work, the mechanical properties of supported lipid
bilayers and neurons were examined using AFM-based techniques. Specifically, tapping
mode AFM-based techniques were used to investigate the influence of lipid composition
and temperature fluctuations on the physicomechanical properties of supported lipid
bilayers. Topographic images were produced by tapping mode AFM, while additional
compositional contrast and mechanical information was gained from phase contrast
imaging, higher harmonic imaging, and scanning probe acceleration microscopy
(SPAM). Importantly, all of this data was acquired simultaneously during the tapping
mode AFM imaging process and the same imaging parameters were used for each
experiment so that fair mechanical comparisons could be made across experiments.
Lastly, force-distance curves and force volume imaging were used to better understand
the effect of microtubule disruption or stabilization on the toxic ability of amyloid-β1-42
aggregates, which are implicated in the development of Alzheimer's disease. Overall, the
work presented in this dissertation improved techniques for studies in mechanobiology
and examined how biologically relevant factors affect the mechanical properties of lipid
membranes or whole cells.
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1. Probing the importance of mechanical properties in biological systems using the
atomic force microscope
Proper cellular functioning is dependent on many processes, ranging from gene
expression and signal transduction to the regulation of cell shape, division and migration
[1]. All of these processes can be related to the mechanical properties of individual cells
and their microenvironments [2, 3]. The mechanical properties of membranes or whole
cells can be influenced by genetics, lifestyle, environmental exposures, and even the
normal aging process [4-7]. A growing body of evidence suggests that cellular
mechanical disruptions can be directly correlated to a variety of diseases, and
understanding the role of mechanical properties in biological systems could be the key to
elucidating mechanisms of disease. This introduction provides a brief overview of the
importance of biological mechanics, and describes model systems and techniques to
evaluate physical and mechanical properties of surfaces, with a particular focus on atomic
force microscopy.

1.1 Alterations in biological mechanics contribute to disease
Conventionally, researchers have looked to genetics and biochemical events to
understand mechanisms of disease. However, advances in cell biology have found that
mechanical alterations within a cell and the physical forces acting on a cell can have a
profound impact on cellular well-being. These findings led to an emerging field of
research,

mechanobiology,

which

investigates

how

mechanotransduction

and

modifications to individual cellular mechanical properties contribute to disease [8].
Cells are highly dynamic structural and functional units that all living organisms
are composed of, and they are embedded within an extracellular matrix (ECM),
consisting of proteoglycans and fibrous proteins [9]. Cells can sense and respond to
mechanical forces from the ECM through integrins, adhesion molecules, and cytoskeletal
proteins. This process is known as mechanotransduction, and it regulates a many cell
functions, some of which include: proliferation, migration and differentiation [10]. There
are many diseases which are a result of abnormal mechanotransduction [8].
One such example is breast cancer. In experiments, when mammary epithelial
cells were cultured on soft, gel-like substrates, integrins involved in cell signaling are
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activated to promote cell growth by the epidermal growth factor receptor. This model of
growth and differentiation is very similar to normal physiological conditions due to the
considerable amount of adipose tissue in the breast. However, when the same cells were
cultured on rigid surfaces, growth patterns were affected due to the disruption of
signaling pathways, which lead to a cancerous phenotype. This phenomenon
demonstrates that mechanical properties of the ECM have a significant role in cancer
development [11, 12], although the exact mechanism of mechanotransduction remains to
be elucidated.
Alterations of individual cellular physical and mechanical properties, such as
membrane stiffness, elasticity, and adhesion, have also been linked to several diseases.
For example, as a cell progresses from normal to cancerous, physical changes of the
cytoskeleton occur that promote metastasis. Cancerous mammary cells are notably less
rigid than normal cells, which corresponds to a reduction in structural strength [13]. This
mechanical transformation is thought to be a result of a reduction of the F-actin network,
and that disruption ultimately leads to a decrease in adhesiveness [11, 14, 15]. As the
cancer cells transform into an invasive phenotype, mechanical changes become even
more pronounced, promoting metastasis.
Contrary to the mechanopathology of breast cancer, red blood cells (RBCs)
infected with Plasmodium falciparum, the parasite that causes the symptoms of malaria,
experience a significant increase in membrane adhesion. After entering a RBC, the
parasite initiates the expression of an erythrocyte membrane protein (PfEMP1) which
mediates binding to the endothelium. The intracellular accumulation of PfEMP1 causes
the appearance of knob-like structures across the membrane and it also increases
membrane stiffness by 10 times the amount of healthy RBCs [16]. Adherence of the rigid
and deformed RBCs to the endothelium commonly results in blood clots which can lead
to organ failure and death.
Relevant to the studies in this dissertation, slight modifications in membrane
cholesterol content, and thereby membrane mechanical properties, can result in severe
health consequences throughout the body. Hearing impairments have been linked to
membrane cholesterol depletion, which causes an increase in outer hair cell
electromechanical response [17]. Heart health can also be compromised, as ion channel
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dysfunction occurred in cardiomyocytes and arteriole smooth muscle cells after
membrane cholesterol modulation [18, 19]. Finally, many studies have identified a role
for cholesterol-modulated membrane fluidity in the development of Alzheimer's disease
[20-22]. The examples presented here represent just a fraction of evidence from the
literature acknowledging the critical role of mechanical properties in disease
development. This substantiates the need to both study and develop/improve techniques
in mechanobiology to more fully understand pathological processes.

1.2 Model systems to study biological mechanics
Maintaining cell membrane integrity is critical to proper cellular functioning. The cell
membrane provides protection from the extracellular space and regulates process such as
cell signaling, ion flux, and adhesion. The membrane is made of a lipid bilayer that is
approximately 5 nm thick (Fig. 1). There are many types of lipids, but they are generally
characterized as small, amphiphilic molecules with a hydrophilic head and hydrophobic
tail group [23]. The cell membrane contains mainly three categories of lipids:
phospholipids, glycolipids, and sterols. In most mammalian cell membranes, the primary
lipid components of the bilayer are phospholipids that have a phosphate head group and
two hydrocarbon tails. Glycolipids can have many forms but a defining characteristic is
the presence of a carbohydrate group [24]. The carbohydrate portion of the lipid typically
extends beyond the surface of the bilayer into the extracellular space, where it functions
as a recognition site
for

chemicals

can

help

maintain

membrane

stability

via

to

cell

attachment.

and

cell

Sterols

help

maintain

membrane

stability

from

within

the

bilayer and play a
role

in
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Figure 1. Cross-sectional view of membrane structure and
components. A variety of lipids make up the bilayer
(phospholipids in yellow, glycolipids with green carbohydrate
groups, and sterols in orange), where integral membrane proteins
are embedded within the bilayer (partial and transmembrane
integral membrane proteins in blue). Above are peripheral
membrane proteins (red), and cytoskeletal proteins are depicted
below the lipid bilayer (purple).
3

[25]. Overall, the lipid composition of a bilayer is highly dependent on the cell type and
the location of the membrane, i.e., the plasma membrane verses organelle membranes
[26].
A lipid membrane may have various phases, depending on the temperature,
pressure or the ratio of lipid components [26]. There are three main phases: solid-ordered
(sometimes called the gel phase), liquid-ordered (or liquid crystalline/condensed), and the
liquid-disordered (also referred to as the expanded/fluid phase). The solid and liquid
phases are determined by the lipid packing on the plane of the membrane, where the solid
phase exhibits a lattice arrangement and the liquid phase has no uniform distribution. The
ordered and disordered terms refer to the arrangement of lipid chains within the bilayer.
The solid ordered phase can be examined experimentally, however, is not believed to
exist under physiological conditions [27]. A membrane composed of a single lipid
component undergoes a phase transition from an ordered to a disordered state at its
melting temperature [27]. Furthermore, membranes can exhibit phase separation, which
is easily detected in more complex model systems by the formation of nanoscale
domains, or lipid rafts [28-30]. In actual biological membranes, the mixture of lipid
components in is far more complex, as there may be hundreds of lipid components within
a bilayer. It is likely that there are many coexisting phases in biological membranes, but
the appearance of rafts on cellular surfaces has been difficult to observe [31]. For both
simple and complex lipid systems, however, the material properties of a membrane such
as compressibility and lateral fluidity are highly dependent on the phase of the
membrane.
There are several classes of proteins that are affiliated with the lipid bilayer [32].
Peripheral (or extrinsic) membrane proteins interact with bilayer through intermolecular
forces between lipids or other membrane bound proteins. They act as scaffolding and can
also serve as a site for protein/enzyme attachment or signaling molecules. While
peripheral membrane proteins are loosely associated with the lipid bilayer, intrinsic
membrane proteins are tightly bound to the lipids, mainly though hydrophobic
interactions with the hydrocarbon tails. There are two types of integral (or intrinsic)
membrane proteins: those that span the width of the bilayer (transmembrane proteins),
and those that are only partially embedded within it. Like phospholipids, integral
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membrane proteins are also amphiphilic. The hydrophilic component(s) protrude(s) from
the bilayer to interact with the aqueous environment, while the hydrophobic core is
hidden within the bilayer. There are thousands of integral membrane proteins with
varying functional roles, including: receptors, transporters, enzymes, adhesion/structural
proteins, and many others of uncategorized and unknown functions [33]. Lastly,
cytoskeletal proteins are associated with the intracellular portion of the cell membrane.
They provide membrane support, contribute to overall cell shape, and are critically
important in cellular adhesion (to other cells and to the extracellular matrix). Of these
three classes of proteins, only integral membrane proteins directly affect the
microstructure of the membrane.
Importantly, the type and arrangement of lipids in a bilayer controls the
physicomechanical properties of a membrane, and those properties influence membrane
protein functioning. Lipids directly interact with integral membrane proteins through
hydrophobic interactions between the hydrocarbon chains of lipid molecules and the
hydrophobic portion of the protein. Distortion of the lipid matrix around the protein arises
when the lipid-protein hydrophobic regions are mismatched [34, 35]. Hydrophobic
mismatching between lipids and proteins is very energetically unfavorable; it can cause
the exclusion of certain lipids from the lipid-protein boundary, and if severe enough, can
lead to conformational changes in the protein, and aggregation that ultimately alters
function [32, 35-38]. Protein conformational changes and aggregation can lead to further
membrane disruption. For example, protein modifications can change the lipid packing in
the surrounding bilayer, thereby altering bilayer thickness, curvature and stiffness [39,
40]. Thus, the physicomechanical properties of a lipid bilayer play a significant role in
the regulation of membrane protein and overall cellular functioning.
The majority of experiments in this dissertation utilized supported lipid bilayers
(SLBs) to examine how various factors, such as lipid bilayer composition and
temperature, influence the physical and mechanical properties of membranes. Lipid
bilayer and vesicle systems have been extensively used in biophysical research for
decades. They make an excellent model system for cell surfaces because the influence of
single membrane element, molecular/protein interaction, or environmental condition can
be studied while avoiding the complexities of cell-based experiments. Specifically,
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bilayers in the described studies were composed of lipid extracts, which more closely
resemble cellular conditions as compared to bilayers of a singular lipid composition. In
the final experimental chapter, the importance of cellular mechanical properties in
relation to Alzheimer's disease was investigated; neurons were modified by disrupting or
stabilizing the cytoskeletal protein, tubulin, and the ability of the amyloid-β peptide to
bind to the cell membrane and cause toxicity was examined.

1.3 Tools to study biological mechanics
A variety of techniques can be used to measure lipid membrane or cellular mechanical
properties. Langmuir and Langmuir-Blodgett techniques have been commonly used to
produce monolayers or multilayers of lipid films for decades. The properties of the lipid
film, or the response of film to an external agent, can be studied by creating surface
pressure-area isotherms or Brewster angle microscopy [41]. The lipid films are then
typically transferred to an atomic force microscope to (AFM) to examine mechanical
properties. In AFM, magnetic twisting cytometry (MTC), and nanoindentation,
mechanical properties of a sample are calculated by probe-surface interactions [42-47].
Optical traps (OT), microplate stretchers (MS), and micropipette aspiration (MA) can
reveal information on lipid vesicle and cellular mechanics by stretching the surface
between beads (OT), glass plates (MS), or into a pipette (MA) [48-55]. Although all of
these techniques have proven to be useful in gaining mechanical information, AFM offers
the unique advantage of simultaneously capturing nanoscale resolution 3D topographic
images and mechanical surface maps. Information that can be gained from AFM
includes: topographic measurements, phase contrast, stiffness, viscoelasticity, adhesion,
and frictional forces. A benefit of AFM-based mechanical investigations is that one can
measure localized mechanical properties on the nanoscale, whereas most of the other
previously mentioned techniques can only perform mechanical evaluations on micronsized areas of the membrane, or over the whole lipid vesicle/cell. This feature is
especially useful when attempting to understand how smaller objects, such as
nanoparticles or proteins, affect membrane mechanics. AFM is also particularly well
suited for biological investigations because the forces with which the cantilever tip
probes the surface are nondestructive (commonly in the nN range), thereby prolonging
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membrane viability/sample integrity [56]. Furthermore, sample preparation is minimal
and membranes or whole cells can be imaged under near-physiological conditions
(temperature, pH). In this work, several AFM-based techniques were used to map the
physical and material properties of supported lipid bilayers and whole cells.

1.4 Development and operational principles of AFM
AFM has been used extensively to study both the morphological and material properties
of a variety of biological samples ranging from DNA and proteins to whole cells and
tissues [57]. Herein, the development of AFM and the principles behind the various
modes of operation are described.

1.4.1 History and fundamentals of the atomic force microscope (AFM)
Scanning probe microscopes (SPM) produce images by scanning a physical probe across
a sample surface. Unlike light-based microscopes, SPMs "feel" rather than "see" a
surface through the interaction between the probe tip and the sample surface. The first
SPM, the scanning tunneling microscope (STM), was developed in 1981 by two scientists
at IBM, Binnig and Rohrer [57]. The operational principle of STM is based on the
tunneling effect of quantum mechanics. In STM, a metallic tip is raster scanned above a
sample surface, and when an electric voltage is applied, tunneling occurs, and the
tunneling current is plotted as a function of tip position to produce a surface image. STM
is capable of achieving atomic resolution, however there are a few major limitations.
First, STM requires conductive or semiconductive samples for the tunneling phenomena
to occur, and secondly, it is not possible to obtain information about the material
properties of a sample because the probe tip never contacts the surface [58]. The atomic
force microscope (AFM) was developed by Binnig in 1986 to overcome these limitations
[59].
The AFM can be operated under a variety of conditions: one can examine rigid or
soft materials in air or liquid at various pressures and temperatures. True atomic
resolution can be achieved under certain conditions, although nanoscale spatial resolution
is more common, and scanning areas can be as large as 100 µm with a vertical range of
approximately 15 µM [57, 60]. More sophisticated instruments are equipped with
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temperature
enclosed

control,
environmental

chambers, and can even be
integrated

with

optical

microscopes for enhanced
sample

characterization.

Due to the tip/sample
interaction, AFM can also
be used to create force
maps

of

a

revealing
about

surface,

information
other

material

properties of a sample
[61].

Figure 2. Schematic illustration of the key components of
an AFM: the laser, cantilever, photodiode detector,
feedback loop and controller, scanner, and the sample
stage. The tip/sample interaction is monitored as the
cantilever is raster scanned across the surface to produce a
three-dimensional topographical image.

There are several
key operational components of an AFM: the laser, cantilever, photodiode detector, the
feedback loop and controller, scanner, and the sample stage (Fig. 2) [58]. The cantilever
is considered to be the heart of AFM because images are constructed by monitoring the
interaction between its tip and the surface. Typical cantilevers are made of silicon or
silicon nitride, and sometimes have a thin metallic coating to improve reflectivity. There
are two standard shapes of cantilevers: triangular or rectangular, which is also known as a
"diving board" shape [62]. Commonly, the tip of the cantilever has a pyramidal shape
with a radius ranging from 10 to 50 nm. The dimensions (such as length, width, and
thickness) determine the spring constant and resonance frequency, two factors which
must be considered when choosing a cantilever [63]. The discussion of how cantilever
properties correlate to imaging forces will be expanded in later Chapter 2.
AFMs utilize an "optical lever" system, where a laser beam is reflected off the
back of a cantilever onto a photodiode detector, typically four-sectored. Displacement of
the cantilever alters the trajectory of the beam, thereby repositioning the laser on the
detector. The difference between the photodiode signals is sent through an open feedback
loop, which enables the user to control the imaging conditions. The resultant signal is
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transmitted to the scanner, which is commonly made of a piezoelectric crystals that
expand or contract based on the signal. This action raises or lowers the sample stage to
track the surface morphology without damaging the cantilever tip. A three dimensional
image is produced by storing the data in an array, typically with 128 to 1024 points per
scan line [64].
The described AFM system is what is known as the scanned-sample AFM, where
the scanner is positioned directly below the sample stage. Here, the cantilever tip is held
in a fixed position, and the scanner controls the x, y, and z movement of the sample
during imaging. Because the scanner is separate from the cantilever, the mechanical noise
of the system is very low, resulting in excellent spatial resolution. In this work, a
scanned-sample AFM was used.
AFM is most commonly used as an imaging tool, and there are two main AFM
imaging modes: static and dynamic. Static mode AFM, also known as contact mode,
monitors the static deflection of the cantilever. Alternatively, dynamic mode AFM
monitors the oscillation amplitude of a driven cantilever. Dynamic mode AFM can be
subcategorized into tapping mode and noncontact mode. Although useful for imaging
delicate materials due to its nondestructive nature, noncontact mode was not used for
these studies because mechanical information cannot be obtained due to the fact that the
tip never contacts the surface, and experiments in this mode are typically performed in
vacuum. In addition to AFM imaging techniques, this work also employed several AFMbased methods to correlate tip/sample forces to localized material properties of a sample.
These techniques included: phase contrast imaging, higher harmonic imaging, forcedistance curves, force volume imaging, and scanning probe acceleration microscopy. The
following sections give a brief overview of the image acquisition processes, and also how
mechanical information was acquired.

1.4.2 Contact mode AFM
In contact mode AFM (CMAFM) the cantilever deflection signal is monitored to produce
an image. To begin the imaging process, the cantilever tip is lowered into contact with
the sample, and it is essentially dragged across the sample surface during scanning. The
tip position is altered to track the surface morphology while the closed feedback loop
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maintains a constant deflection. The amount of cantilever deflection is proportional to the
applied force, hence, contact mode AFM is sometimes also referred to as constant force
mode. The force-deflection relationship can be described by Hooke's Law,

where F is the applied force, k is the cantilever spring constant and x is the cantilever
deflection. Contact mode can produce images with excellent spatial resolution, but the
repulsive forces experienced between the tip and sample can be damaging to delicate
surfaces [65]. To circumvent this issue, it is important to use cantilevers with low spring
constants when imaging any soft or biological samples to reduce the imaging force.
CMAFM has successfully been applied to image many biological samples, and some
interesting applications included: experiments to track the aggregation of membrane
sheets in response to pH changes, the appearance of granular particles or proteins on cell
membranes, and the disaggregation of the actin network after whole living cells were
exposed to cytoskeletal modifying treatments [66-68]. Thus, even though the technique is
preferred for more rigid samples due to the dragging action of the tip, by controlling the
tip/sample interaction forces, it is possible to image delicate samples with excellent
spatial and temporal resolution.

1.4.3 Tapping mode AFM
Tapping mode AFM (TMAFM) is a widely used dynamic mode technique that obtains
topographic images of surfaces by monitoring the oscillation amplitude of a cantilever
with an ultrasharp tip probe that physically interacts with the surface. In this imaging
mode, the cantilever is commonly driven near its resonance frequency, ωο, by a
piezoelectric bimorph element mounted near the base of the cantilever. The cantilever tip
is then lowered into close proximity with the sample and allowed to intermittently contact
the surface. The contact leads to a decrease of the cantilever oscillation amplitude from
the “free” amplitude, Ao, to a tapping amplitude, A [69]. On rigid surfaces, the cantilever
oscillation amplitude decreases linearly as the distance between the tip and the
sample, Do, becomes smaller. As a result, surface topography is mapped by raster
scanning the probe across the surface (in the xy direction) while using a closed feedback
loop to continuously adjust the vertical (in the z direction) extension of a piezoelectric
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scanner to maintain a constant tapping amplitude or set-point ratio, s = A/Ao. In these
studies, TMAFM was used as the main imaging technique, because it provides the basis
for scanning probe acceleration microscopy experiments, and it is less damaging to
biological samples than CMAFM.

1.4.4 Phase contrast imaging
During the TMAFM imaging process, the phase signal of the cantilever can be
simultaneously recorded to produce a phase contrast image. A shift in the phase signal
occurs when there is a phase lag between the cantilever oscillation signal relative to the
driving signal (Fig. 3). The phase lag is extremely sensitive to any changes in surface
properties, such as stiffness, producing images with excellent compositional contrast.
While monitoring the phase of the cantilever in tapping mode is a common method to
acquire some insight into the mechanical properties of surfaces, such images can be
difficult to interpret due to various causes of energy dissipation, including capillary
forces, viscoelasticity of the sample, cross talk with topography, and frictional forces
associated with the tilt of the cantilever and/or surface [70-75]. Furthermore, the phase
behavior of the cantilever becomes increasingly complicated when imaging in solution.
For example, the phase contrast associated with soft cantilevers imaging in solution can
arise from either (i) energy propagation during the tapping event that excites higher
eigenmodes
cantilever

of

the

mediated

by

short-range interactions, or
(ii)

tip/sample

energy

dissipation [76]. Due to
these

difficulties,

imaging

is

applied

phase

generally
as

a

complementary technique.
Chapter

4

demonstrates

how phase imaging can be
used in combination with
Introduction

Figure 3. Principle of phase contrast imaging. The phase
signal is sensitive to changes in compositional contrast of
surfaces. (a-b) Demonstrates the phase lag between the
cantilever driving signal (dark blue) and the cantilever
oscillation signal on (c) two different surfaces (region 1,
purple vs. region 2 light blue).
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TMAFM, higher harmonic imaging, and force reconstruction techniques to gain a more
complete understanding of surface physicomechanical properties.

1.4.5 Higher harmonic imaging
Oscillation amplitude and phase signals are commonly acquired during standard TMAFM
operation, but additional information about sample properties is hidden within the
vibrational frequencies of the cantilever. During TMAFM imaging, nonlinear tip/sample
interactions cause excitation of higher frequencies that are harmonic to the driving
frequency. By capturing the entire cantilever deflection trajectory during TMAFM
imaging, higher harmonic signals can be extracted to produce images corresponding to
individual harmonic frequencies. Like phase imaging, higher harmonic imaging is a
supplementary technique that can provide insight on the material properties of a sample
surface. The theory of higher harmonic imaging and experiments are further discussed in
Chapter 4.

1.4.6 Force-distance curves and force volume imaging
The construction of force-distance curves and force volume imaging are AFM-based
techniques that have proven to be very useful in determining the material properties of
biological surfaces. These methods are utilized in the vast majority of AFM-based
mechanical studies on biological surfaces. For example, force volume imaging has been
successfully applied to study bacterial surfaces, examining mechanical differences
between human cells with benign and malignant phenotypes, and microdomains within
lipid bilayers [15, 44, 77]. There are two regimes of the force-distance curve which
inform us about surface mechanics, (a) the attractive regime (negative forces) and (b) the
repulsive regime (positive forces) (Fig. 4). On the approach, the cantilever tip is lowered
to the sample surface, and snaps into contact due to the attractive forces between the tip
and the surface contact. When the deflection reaches its maximum, the tip begins to
retract to its original position, during which hysteresis may be experienced due to
tip/sample adhesion. The tip can then be moved to the next desired xy coordinate to
produce another curve. Force-distance curves can reveal information about energy
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dissipation,

stiffness

(Young’s

Modulus), and the adhesion between the
cantilever tip and sample [62].
Force volume imaging, can be
used to create a mechanical map of an
entire sample surface by creating an
array of force-distance curves, rather
than just a few selected coordinates.
Although force volume imaging has
proven to be valuable in gaining
mechanical insights biological surfaces,
it is limited in that spatial resolution
must

be

sacrificed

for

temporal

resolution. Common pixel resolution for
AFM imaging is 512 x 512, and typical
force curves run at a rate of 1 Hz.

Figure 4. Illustration of a force-distance
curve. To create a force distance-curve, the
cantilever is lowered to the sample (1), where
it snaps into contact with the surface due to
the attractive forces between the tip and the
surface (2). The cantilever pushes into the
surface (3) until it reaches a maximum
deflection, and begins to retract (4).
Hysteresis may be observed due to adhesion
between the tip and the sample (5) until the
tip and sample become detached.

Therefore, it would take slightly over three days to create a force volume image of that
resolution, and when working with live biological materials, it is essential to quickly
make measurements to preserve membrane integrity (avoid sample drying or the lateral
growth of a membrane patch into a complete bilayer).
To evaluate force-distance curves and force volume images, it is critical to know
properties of the cantilever, including the deflection sensitivity and the spring constant.
The deflection sensitivity parameter is used to convert deflection (recorded in volts) to
nanometers so that the force can be calculated. Deflection sensitivity is calculated prior to
each experiment by taking a force-distance curve on a hard substrate, such as mica. Once
the deflection sensitivity is known, thermal tuning is performed to determine the spring
constant. The principle of thermal tuning is that the cantilever fluctuates in response to
thermal noise, and the spring constant of the cantilever is measured by relating the
displacement of the lever as a function of time to the frequency spectrum of the
fluctuations (which is proportional to the power spectral density). Once the spring
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constant is calculated, the mass of the cantilever can be determined by the following
relationships:
and

,

where k is the spring constant, kB is the Boltzmann constant, T is the temperature, P is the
area of the power spectrum, ωo is the cantilever’s resonance frequency and m is the mass
of the cantilever [62, 78, 79]. When comparing material properties across experiments, it
is critical to properly calibrate the cantilever for accurate comparisons. This is true for
force-distance curves, force volume imaging, and scanning probe acceleration
microscopy studies.

1.4.7 Scanning probe acceleration microscopy
In many cases, it is desirable to simultaneously map the topographical and mechanical
properties of sample surfaces with high spatial resolution. Recent advances in
reconstructing the time-resolved tip/sample force during the acquisition of a tapping
mode image have provided further access to information relating to the mechanical
properties of surfaces. An advantage of such force reconstruction approaches is that they
allow for the direct correlation of topographic features with relative changes in
mechanical properties. One of the traditional advantages of TMAFM is its ability to
image surfaces in solution, and scanning probe acceleration microscopy (SPAM) is a
method capable of reconstructing the time-resolved tip/sample forces of solution-based
TMAFM experiments. This feature of SPAM makes it a well-suited technique for the
biological investigations described in this dissertation [28, 80-86].
SPAM was developed at Carnegie Mellon University in the lab of Tomasz
Kowalewski. The theory behind the technique is that the cantilever is treated as an
accelerometer and cantilever acceleration can be directly related to the tip/sample force
by taking the second derivative of the cantilever deflection signal [80]. As a result, this
technique does not require specially designed cantilevers, and it can be applied to any
AFM with the addition of a signal access module, which used to capture the cantilever
deflection trajectory during TMAFM imaging. The following chapter thoroughly
describes the use of time-resolved tip/sample forces to obtain insight into the mechanical
properties of surfaces, with a focus on the SPAM technique. Chapters 3 and 4
Introduction
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demonstrate the ability of SPAM to track mechanical changes in supported lipid bilayers
due to alterations in membrane cholesterol content and temperature, respectively.
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2. Scanning probe acceleration microscopy: theory and experiments1
Techniques that quantitatively and temporally monitor, track, and/or characterize the
physical and material properties of biologically relevant surfaces with nanoscale spatial
resolution are highly desirable. Advances in the field of scanning probe microscopy have
made it possible to simultaneously track morphology and material surface properties in a
non-invasive manner under physiologically relevant conditions. One such technique is
scanning probe acceleration microscopy (SPAM), which is based on tapping mode
atomic force microscopy (AFM). With SPAM, it is possible to study the material
properties of a sample surface with nanoscale spatial resolution by reconstructing the
time-resolved tip/sample force interaction during individual tapping events of the tapping
mode AFM imaging process in solution. Due to its basis is solution tapping mode AFM,
SPAM has the potential to investigate biologically relevant problems, such as changes in
the material properties of supported lipid bilayers, cells, or other biological surfaces
under the influence of external factors. The chapter thoroughly describes: (1) the
theoretical basis for the SPAM technique, (2) the relationship tapping forces and sample
material properties (Young's modulus and the Hamaker constant), (3) how imaging
parameters (such as set-point, spring constant, etc.) affect tapping forces, and (4) the
application of the SPAM technique to a variety of systems.

2.1 Introduction
AFM-based techniques that simultaneously map topography and material properties of
surfaces are highly desirable, and a variety of methods have been developed toward
accomplish that goal. A straight-forward way to gain insight into sample mechanics is to
obtain the time-resolved force interaction between the sample surface and the cantilever
tip during standard TMAFM imaging. While controlling the force between the tip and
sample during TMAFM experiments is important for imaging soft materials and
optimizing resolution, understanding the time-resolved tapping forces can provide insight
into material properties, such as adhesion and Young's modulus, of a sample. In 2002, the
first successful reconstruction of time-resolved tip/sample forces in a TMAFM
1

This chapter is based on the work, "Recovering Time-Resolved Imaging Forces in Solution by Scanning
Probe Acceleration Microscopy: Theory and Application" in Surface Science Tools for Nanomaterials
Characterization.
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experiment was accomplished by taking the inverse Fourier transform of the Fouriertransformed cantilever trajectory divided by its transfer function [1]. Since then, a variety
of other techniques have been developed that can obtain time-resolved tip/sample forces
and construct images based on these forces [2-9].
There are several experimental advantages to utilizing tapping forces for mapping
the material properties of surfaces. Due to their basis in the TMAFM, such methods offer
high spatial resolution and are relatively nondestructive. Other traditional AFM
techniques used to measure and/or map material properties of surfaces (i.e., force volume
imaging and nanoindentation) often require large deformation of soft samples, which
leads to decreased spatial resolution and potentially causes irreversible sample damage.
On the contrary, tapping mode forces are adaptive to changes in surfaces properties.
Additionally, as scan rates used for simple tapping mode AFM imaging are typically
much faster than other methods, the mapping of surface properties can be accomplished
in a more timely manner. Thus, TMAFM-based methods provide the ability to probe
dynamic changes in a surface's mechanical properties in response to some external
stimulus or environmental change.
A TMAFM based method to recover the time-resolved tip/sample force while
operating in aqueous solution is scanning probe acceleration microscopy (SPAM, Fig. 1)
[4]. The theoretical basis behind SPAM is that during TMAFM experiments, the
cantilever acts as an accelerometer, which can be used to extract tip/sample forces by
calculating the second derivative of the cantilever deflection signal. Deflection signals
from TMAFM experiments contain noise that is amplified by this analysis. As the signal
to noise ratio in most commercially available AFMs would overcome the ability to
reconstruct the tapping force by this simple method, a means to filter these signals is
crucial for SPAM to be useful experimentally. This problem is solved by taking
advantage of the fact that information on the tapping event is contained within the higher
harmonics which can be obtained from the cantilever deflection trajectory, making it
possible to filter the signal by ‘‘comb’’ filtering [1, 10, 11]. Comb filtering is performed
by taking the Fourier transform of the noisy deflection trajectory and inverting it, while
selectively retaining only the intensities at integer harmonic frequencies of the driving
frequency. The effectiveness of comb filtering to reconstruct the deflection signal is
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Figure 1. SPAM is a method for reconstructing the time-resolved tip/sample forces
associated with TMAFM imaging in solution. In this example, (a) a mica substrate with
small supported lipid bilayer patch is imaged to acquire the surface topography while the
entire cantilever deflection signal is captured. (b) The deflection trajectory of the
cantilever is filtered using a "comb-filter" based on Fourier transforms, and the second
derivative of the trajectory is used to reconstruct the tip/sample forces. (c) Images are
constructed based on specific features of the tip/sample force, such as the maximum
tapping force, which can be related to surface mechanical properties.
dependent on the number of harmonics that appear above the noise level in the Fourier
transform. Comb filtering is particularly useful for TMAFM operation in fluid due to the
pronounced anharmonic distortion in the deflection signal, which results in a large
number of harmonics required for accurate comb filtering [12-14]. The SPAM technique
has been validated via numerical simulations and it has proven to be particularly wellsuited for in situ TMAFM experiments on a variety of systems [4, 15-17].
Herein, we describe how time-resolved tip/sample forces are recovered during
SPAM operation, present numerical simulations that demonstrate how imaging forces
depend on experimental parameters and surface properties, and conclude with examples
of SPAM applied to a variety of biological systems. As experimental application of
SPAM has been limited to imaging in solution, this chapter focuses on the underlying
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physics of fluid-based TMAFM operation. Although this chapter focuses on SPAM as a
method of force reconstruction, much of the presented information is applicable to a
broad range of techniques that recover or measure the tip/sample interaction forces while
imaging in the tapping mode.

2.2 Methodology
2.2.1 Numerical model of the entire imaging process of TMAFM in solution
To gain a more complete understanding of the tip/sample interaction associated with
TMAFM experiments in liquid, simulations of the TMAFM process were performed
using a model developed in MATLAB with SIMULINK (Math Works Inc. Natick, MA;
Fig. 2).

Figure 2. Numerical simulation of the entire TMAFM imaging process. (a) Schematic
illustration of a TMAFM experimental set-up indicating several parameters necessary to
model cantilever dynamics. (b) SIMULINK model used to perform numerical
simulations, where key features include: cantilever drive, cantilever model, the tip/sample
interaction which contains the ability to alter the Young's modulus and the Hamaker
constant, the amplitude measurement, the topography model, feedback loop equipped
with a PID controller, and the set-point parameter. Model of (c) the cantilever and (d) the
tip/sample interaction are shown with further detail.
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In these simulations, the cantilever was modeled as a as a single degree of freedom,
driven, damped harmonic oscillator [18-22]:

(1)

where meff is the effective mass of a cantilever, b is the damping coefficient, k is the
cantilever spring constant, z is the position of the cantilever with respect to the surface,
D0 is the resting position of the cantilever base, a0 is the drive oscillation amplitude, ω is
the drive frequency, t is the time, and Fext is the tip/sample force. Although cantilever
position, z, is often monitored in AFM simulations, in real experiments, most
microscopes monitor the amplitude of the cantilever deflection, y, which is simply related
to the position by the equation

.

(2)

The quality factor (Q) of the cantilever is the major difference between TMAFM
experiments in air and liquid due to the hydrodynamic damping associated with the
oscillating cantilever during fluid TMAFM operation [13, 23]. Q can be practically
described by:

(3)

where Ao is the free cantilever oscillation amplitude. In air, Q typically ranges from 200–
400, whereas in fluids Q is only ∼1–5. While operating in air, the free cantilever
oscillation amplitude is significantly larger than the drive oscillation amplitude.
Consequently, in high Q systems, the cantilever position and deflection trajectories are
nearly identical during tapping events except for an offset due to the differing frames of
reference (Fig. 3a). However, when operating TMAFM in liquid, i.e. a low Q system, the
cantilever deflection and position trajectories differ significantly during tapping events,
where the drive amplitude is comparable to the free amplitude. As a result, an
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anharmonic distortion is produced in the deflection trajectory when the cantilever tip
contacts the sample surface (Fig. 3b). Therefore, to model TMAFM imaging conditions
in solution, it is necessary to rewrite the cantilever motion in terms of deflection, y, as

. (4)

As an important note, the second mode of the cantilever deflection is not incorporated
into this model, but it can play a significant role in cantilever motion near surfaces in
fluid [24]; however, contributions from the second mode are often negligible when
imaging soft biological samples in solution [25]. In any case, higher eigenmodes of the
cantilever can complicate analysis of higher harmonic signals. Additionally, in
experimental systems, there are several
sources

of

deflection
nonlinearities

distortion
signals.
of

in
These

the

cantilever
include

detector

and

electronics of the AFM that should be
taken into account when comparing
numerical simulations to experimental
results.
During TMAFM operation, the
separation distance between the cantilever
tip and the sample surface is constantly
change due to the oscillatory behavior of
the cantilever. This motion allows the tip
to intermittently contact the sample during
each oscillation cycle. Consequently,
there are two tip/sample interaction
regimes that are required for modeling the
time-resolved imaging forces: (1) when
the cantilever tip and sample surface are
not in contact and (2) when the tip and
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Figure 3. Simulated cantilever position and
deflection trajectories in (a) high Q and (b)
low Q systems. Simulations with high Q
systems are applicable to TMAFM in air;
there is minimal difference between the
position and deflection trajectories. In low
Q systems, which are associated with
TMAFM imaging in solution, distinct
differences between the position and
deflection trajectories are noticeable.
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surface make contact during the tapping event. In scenario (1), the separation distance
between the cantilever tip and the sample surface, z, is greater than the interatomic
distance, aDMT. When the cantilever tip contacts the surface in situation (2), z is equal to
or smaller than aDMT. For scenario (1) the force is described by the Derjaguin-LandauVerway-Overbeek (DLVO) theory [26]. However, because most biological experiments
are performed in a saline buffer under near physiological conditions, the forces associated
with the electric double layer effect are negligible, which results in a relatively short
Debye length [25]. As experiments described later were performed under a high salt
condition (phosphate buffered saline), the external force can be approximate and
simplified using the van der Waals interaction between a sphere (the cantilever tip) and a
flat surface [26]:

(5)

where H is the Hamaker constant and Rtip is the tip radius [27]. During the second
interaction regime where the cantilever tip contacts the sample surface, the force
interaction between the tip and the surface can be described using a DMT potential
(Derjaguin-Muller-Toporov):

(6)

where
(7)

where Etip, νtip and Esample, νsample are the Young's modulus and is the Poisson coefficient
of the tip or sample, respectively.
Additionally, a feedback loop equipped with an integral and proportional gains
was incorporated into the numerical model to simulate the entire TMAFM imaging
process (Fig. 2). Implementation of a feedback loop was accomplished by systematically
determining the cantilever amplitude for each oscillation cycle, making a direct
SPAM: theory and experiments

30

comparison of this amplitude to a predetermined set-point amplitude, and continuously
adjusting the tip/sample separation distance to maintain the set-point amplitude. In this
way, a simulated trace of the surface, which is simply the required correction in
tip/sample separation distance, was obtained for different model surface topographies.
Combined with the ability to change the values of the H and/or surface E, simulations of
imaging a wide array of surfaces with TMAFM were performed to gain a more complete
understanding of how the time-resolved tip/sample forces responds to surface properties.
To illustrate the validity of the numerical model, TMAFM simulations in a low Q
system were compared to AFM experiments performed in solution (Fig. 4). For these
numerical simulations, the model surface contained a hard region (with a Young's
modulus, E, of 60 GPa and Hamaker constant, H, of 3.5 aJ) that surrounded a 5 nm tall
softer region (with E = 20 GPa and H = 0.35 aJ). These simulation parameters were
chosen to mimic a typical TMAFM experiment on a supported lipid bilayer patch (5 nm
is the approximate height of an uncompressed supported lipid bilayer) on a mica surface
so that comparisons could be made between simulations and experiments. The timeresolved tip/sample forces from experiments were obtained using SPAM. The simulated

Figure 4. Comparison of simulated (a) and experimental (b) cantilever deflection and
force trajectories. (a) Simulations of the cantilever deflection trajectory (blue) and the
force trajectory (purple) on hard (E = 60 GPa, H = 3.5 aJ) or soft (E = 20 GPa, H = 0.35
aJ) surfaces, respectively. (b) Experimental deflection and force trajectories of a mica
surface and a supported lipid bilayer patch, respectively. (c) Simulated surface which
included a 5 nm soft step, the location of which is indicated by gray shading. (d)
Simulated force trajectory of one scan line across a model surface. (e) An experimental
force trajectory for an entire scan line on a mica surface with a supported lipid bilayer
patch in the center.
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deflection trajectories captured the characteristic anharmonic distortion in the deflection
trajectory that is a hallmark of TMAFM experiments performed in solution [13]. There
are two features of the tapping force that are of interest here: (1) the maximum tapping
force, Fmax, defined as the most positive force experienced between the cantilever tip and
the sample surface during each cantilever oscillation cycle, and (2) the minimum tapping
force, Fmin, defined as the most negative force experienced between the cantilever tip and
the sample surface. The magnitude of both Fmax and Fmin responded in an analogous way
when imaging the model step in simulation or the supported lipid bilayer in the
experiment. This confirmed that the numerical model is capable of capturing qualitative
features in both cantilever deflection and tip/sample forces associated with TMAFM. The
actual relationship between Fmax, Fmin, E, and H will be explored in greater detail later.

2.2.2 Implementation of SPAM
In TMAFM experiments, deflection trajectories contain noise. The noise of the cantilever
deflection trajectory can be filtered using a Fourier transform based harmonic comb filter.
In this process, a sliding window Fourier transform is performed on the cantilever
deflection signal, and only intensities in the resulting power spectrum corresponding to
integer harmonic frequencies of the drive are kept. These intensities are then used to
reconstruct a deflection signal, yrec(t), by an inverse Fourier transform based on the
equation:

(8)
where δ is Dirac's delta function, ωoper is the operating frequency, and N is the highest
harmonic distinguishable about the noise level. The effectiveness of the comb filter to
accurately reconstruct the deflection trajectory requires a sufficient number of harmonics
to be above the noise level in the power spectrum, and an N of 20 is typical. As
previously mentioned, the cantilever deflection trajectory of fluid-based TMAFM
experiments has a distinct distortion associated with the tapping event [13, 14, 23]. This
distortion results in an adequate number of higher harmonics above the noise to facilitate
comb filtering and reconstruction of the tip/sample tapping force from the second
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derivative (or acceleration) of the cantilever deflection signal. The sliding window of this
filter typically contains 5-10 oscillation cycles, and the window is advanced one
oscillation cycle at a time to maintain local information about the tip/sample interaction.
Once yrec(t) is obtained, the second derivative of the cantilever deflection trajectories can
be taken to obtain the cantilever acceleration. Cantilever acceleration can then be used to
create a spatially resolved force map through multiplication with the effective mass of the
cantilever, meff, to obtain the time-resolved tapping force between the tip and the sample,
based on a simple rearrangement of Eq. 4 to:

.

(9)

This process essentially treats the cantilever as a local accelerometer that can be raster
scanned across a surface. In this way, topographic and tip/sample force information can
be obtained in one experiment simultaneously, providing the basis for SPAM. The last
four terms of Eq. 9 are associated with the drive acting on the cantilever, and as a result,
oscillate at the drive frequency. These extraneous terms can be easily distinguished from
the tip/sample force, and can even be suppressed from the reconstructed force by
excluding the fundamental frequency, i.e. drive frequency, from the inverse Fourier
transform. However, when this frequency is excluded, the accuracy of the recovered
force is diminished by a reduction in magnitude. Additionally, information contained in
the harmonics below the noise level is lost when the comb filter is used to produce the
reconstructed trajectory. It is also important to note that the harmonic comb filter should
only be applied to periodic motion of the kind commonly observed in TMAFM, and it is
not applicable to motion which exhibits period doubling or aperiodic/chaotic character.

2.3 Key research findings
2.3.1 Features of the tip/sample force are independent of surface topography
TMAFM has been used extensively to image a wide variety of sample surfaces, with
topographical features ranging from the subnanometer scale to several microns. For
tapping mode imaging forces to be related to material properties of surfaces, features of
the time-resolved tip/sample tapping force must be independent of surface topography.
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Figure 5. Simulations to determine the effect of surface topography on tip/sample
imaging forces. A variety of surface topographies were modeled: (a) a rough surface, (b)
a flat step, and (c) a curved feature where roughness or height was varied from 1-5 nm.
The maximum and minimum tapping forces, (d-f) and (g-i) respectively, were averaged
over the altered surface topography and found to be independent of changes in surface
topography.
The role of surface topography on tip/sample tapping forces was determined by running
simulations of complete TMAFM experiments. These simulations helped to understand
the impact of a variety of model surfaces with distinct morphologies on imaging forces
(Fig. 5a-c). Here, three model surfaces are presented: (1) a region with varying RMS
roughness, (2) a flat step, and (3) a curved feature. These model surfaces represented
potential topographies that may be encountered in real AFM experiments. The size of
these features was systematically increased to determine how changes in Fmax and Fmin
were associated with surface topographies. Importantly, other surface properties (such as
Young's modulus, Hamaker constant, etc.) and imaging parameters (set-point ratio, free
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amplitude, cantilever spring constant, etc.) were held constant in these simulations. As a
result, the average Fmax and Fmin associated with imaging the various surfaces did not
change as a function of the size of the feature in the model, as long as the feedback loop
maintained proper tracking of the surface. Fmax values for the various topographies were
averaged over the altered surface feature (the rough patch, the step, or the round feature)
and had an approximate value of 25 nN for each type of surface and each height variation
(Fig. 5d-f). The Fmin for each surface variation was approximately -2 nN, which was
exactly the same as the flat region of the surface. These findings indicate that as long as
the feedback loop remains optimized, that changes in the time-resolved tip/sample
tapping forces are independent of topographical features.

2.3.2 Features of the tip/sample force provide insight into surface mechanical
properties
Although Fmax and Fmin are both independent of surface topography, it is critical to
understand the relationship between features of the tapping force and surface mechanical
properties to effectively map changes in material properties across a sample. Further
simulations were performed to determine how the relative changes in the rigidity of the
surface or surface adhesion to the cantilever tip are reflected in the tip/sample force.
Changes in the rigidity of the sample were simulated by altering the value of Young’s
modulus of the sample (Esample) in Eq. 7. Changes in adhesion were modeled by altering
the value of the Hamaker constant in Eqs. 5 and 6. The surface free energy, γ, (and thus
adhesive force) between the tip and sample is related to the Hamaker constant by [26]

.

(10)

Here, illustrative simulations were presented in which the Young's modulus and the
Hamaker constant were systematically altered on a predetermined area of a model surface
to determine the impact of surface rigidity and adhesion on tapping forces. Surface
properties of the 5 nm tall soft step region were modified while holding the properties of
the hard region constant. The step was included in the model to determine how changes
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in mechanical properties resulted in compression of the feature due to imaging forces.
The Young's modulus, E, and Hamaker constant, H, of the surface regions surrounding
this step were E = 60 GPa and H = 3.0 aJ for all simulations. Other simulation parameters
included an amplitude set-point of 0.7, a free cantilever oscillation amplitude of 15 nm
(and thereby a tapping amplitude of 10.5 nm), a drive frequency of 9.5 kHz, and a spring
constant of 0.5 N/m. The simulations were set up to mimic a typical TMAFM
experiments, with a 2 µm scan line at a scan rate of 2 Hz. The Young’s modulus on the
step region of the model surface was systematically altered from 6 to 100 GPa. As the
modulus decreased, the model step became more compliant to compression due to the
externally applied force from the tip, and the measured height became smaller (Fig. 6a).
The AFM probe pushed deeper into the sample, as a result of the increased compliance of
the model step, causing the decreased height measurement. Additionally, the tip was in

Figure 6. Simulations demonstrate the impact of surface Young's modulus on tip/sample
imaging forces. The simulated surface topography included a step, with changing values
of E, surrounded by a hard surface. (a) The measured topography of the step as a
function of E associated with the surface. (b) The position of the cantilever with respect
to the sample surface corresponding to an individual tapping event. (c) The tip/sample
force corresponding to the tapping event. (d) The average value of the maximum
tapping force, Fmax, plotted as a function of E. (e) The average value of the minimum
tapping force, Fmin, plotted as a function of E.
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contact with the surface for a longer time during each oscillation cycle (Fig. 6b). The way
in which the force was distributed changed in response to increased compliance that was
associated with smaller values of surface Young's modulus (Fig. 6c). This is a result of
the TMAFM procedure, where imaging is accomplished by maintaining the set-point
amplitude, and thus the total force per cantilever oscillation cycle. Specifically, the force
was spread out over the longer contact time on more compliant surfaces, which resulted
in a reduced Fmax that was associated with softer surfaces. Consequently, the magnitude
of the Fmax was altered with larger values of Young’s modulus, and Fmin was
unresponsive to those changes (Fig. 6d). Additionally, it was found that the relationship
between Fmax and Young’s modulus could be described by a power law. These results
suggested that Fmax can be used to indicate the relative rigidity of surfaces; however, as
demonstrated, this notion is complicated by changes in adhesion between the tip and
surface.
Next, the importance of the Hamaker constant the time-resolved tip/sample force
was explored by systematically changing the value of surface free energy (and thus
adhesion) between the tip and surface (based on Eq. 10). The values of H ranged from
0.5-2 aJ on the step region of the model surface, while maintaining a constant value of
Young’s modulus (5 GPa), and all other parameters were held constant (Fig. 7).The
simulated measured height of the step decreased as the Hamaker constant increased (Fig.
7a), which was a result of a larger magnitude (more negative) tip/sample attractive force
between the cantilever tip and sample surface. This attractive tip/sample interaction
caused the tip to be pulled deeper into the soft model surface (Fig. 7b); however, when
model included a more rigid surface, this effect was minimized. Unlike the simulations
with varying Young's modulus, when the tip is pulled deeper into soft surfaces while
increasing the value of the Hamaker constant, the contact time between the cantilever tip
and the sample surface remains relatively unchanged (Fig. 7b). When the value of the
Hamaker constant is increased, a the tip/sample interaction experiences forces with a
larger magnitude, i.e. more negative or attractive forces between the tip and surface (Fig.
7c); however, for successful tracking of surface topography, it is required that the total
force per oscillation cycle is maintained by the feedback loop. Accordingly, Fmax
increases in magnitude with larger values of the Hamaker constant to compensate for the
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Figure 7. Simulations demonstrating the impact of altering the Hamaker constant on
tip/sample imaging forces. The model surface topography includes a step, with
changing values of H. (a) The measured topography of the step as a function of H
associated with the surface. (b) The position of the cantilever with respect to the
sample surface corresponding to the tapping event. (c) The tip/sample force
corresponding to the tapping event. (d) The average value of the maximum tapping
force, Fmax, plotted as a function of Hamaker constant. (e) The average value of the
minimum tapping force, Fmin, plotted as a function of Hamaker constant.
increased attractive force associated with each tapping event (Fig. 7c). The larger
magnitude of Fmax due to this increased Hamaker constant can be directly contributed to
the deeper penetration of the tip into the surface, which enlarged the force associated with
the Hertzian term in Eq. 6. Consequently, the magnitude of both Fmax and Fmin responds
linearly with changes in the Hamaker constant (Fig. 7d-e).
Taken together, these simulations on model surfaces demonstrated that specific
features of the time-resolved tip/sample force can be used to map relative changes in the
mechanical properties of sample surfaces. Specifically, Fmin changed in a linear fashion to
increased adhesive forces experienced between the cantilever tip and the sample surface,
as simulated by increasing the value of the Hamaker constant. This demonstrated that
changes in Fmin are independent of the Young's modulus, and that Fmin images can be
used to measure the adhesion between a cantilever tip and a sample surface.
Understanding relative changes in Young's modulus is more complicated because Fmax is
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dependent on both the Hamaker constant (linearly) and Young's modulus (power law).
However, the contribution to Fmax due to changes in the Hamaker constant can be
estimated from Fmin, which can be used to determine if observed changes in Fmax are at
least partially derived from variations in the Young's modulus of the surface.

2.3.3 The impact of imaging parameters on the tip/sample force
Simulations have demonstrated that Fmax and Fmin change predictably to reflect surface
mechanical properties; however, it is necessary to understand how imaging parameters
such as spring constant, free cantilever oscillation amplitude, and set-point ratio impact
the time-resolved tip/sample forces to make
accurate

comparisons

across

samples.

Imaging parameters can be related to the
total tip/sample force per oscillation cycle by
the equation [28]:

,

(11)

where ΔA is the difference between the free
amplitude (or amplitude when the tip is
oscillating freely above the surface) and the
tapping amplitude, Ao-A. The relationship
between imaging parameters and tip/sample
force has been explored by simulations and
experimentally [15, 17, 29]. Based on Eq. 11,
as the drive amplitude, and thereby the free
amplitude, is increased for any given
cantilever, the total imaging force per
oscillation

cycle

should

increase

systematically if the set-point is maintained.
This

concept

was

validated
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Figure 8. Average tapping force per
oscillation cycle changes in response to
cantilever free amplitude for (a)
simulated and (b) experimental TMAFM
processes. Experiments were performed
on mica in a buffer. Free oscillation
amplitude was systematically decreased
for both simulation and experiment by
modifying the drive amplitude, while the
set-point ratio was maintained
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simulation and experiment (Fig. 8). In the simulation and experiment, as the drive
amplitude was increased, a larger free amplitude was experienced, and the set-point ratio
was maintained. Additionally, all other imaging parameters were held constant for both
simulation and experiment. Under such conditions, the contact time between the tip and
surface was independent of free amplitude; therefore, the observed increase in Fmax
resulted from a larger total force per oscillation cycle associated with increasing free
amplitude.
For any given free amplitude,
decreasing the set-point ratio resulted in
an increase in the total force per
oscillation

cycle.

Simulations

and

experiments have also been performed to
demonstrate the effect of Asp on tapping
forces [16, 30]. If only the value of Asp
was modified while all other imaging
parameters were maintained, the total
force per oscillation cycle and Fmax
increased with a power law dependence as
Asp was reduced for both simulation and
experiment (Fig. 9). Consistent with
previously described

simulations,

the

tip/sample forces were dependent on the
Young's modulus of the surface. This
demonstrated that the force applied to the
sample can be controlled by adjusting
imaging parameters; however, the relative
relationships between mechanical surface
properties and specific features of the
time-resolved tip/sample force are still
valid, provided that imaging parameters
are maintained throughout the analysis.
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Figure 9. The effect of amplitude set-point,
Asp, on the average tapping force per
oscillation cycle was demonstrated during
TMAFM imaging in liquid by simulations
(a) and experiments (b). The cantilever free
amplitude was maintained for both
simulations
and
experiments.
For
simulations, two model surfaces were used:
E = 60 GPa (blue) and E = 2.5 GPa (red).
Experiments were performed on mica in
saline buffer, and Asp was systematically
decreased from 0.9-0.6 for experiments.
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Numerical simulations were also performed to determine the impact the cantilever
spring constant on imaging forces, specifically Fmax and Fmin. It was necessary to
maintain other imaging parameters (such as the set-point ratio, the drive amplitude, the
free amplitude, the resonance frequency, and the drive frequency) to facilitate
comparisons between differing spring constants. For the first set of simulations, the value
of the Hamaker constant was maintained while the value of Young's modulus was
systematically modified. Raising the spring constant from 0.1-1.0 N/m resulted in a shift
in the magnitude of Fmax for any given surface Young's modulus. However, the power
law dependence of Fmax on Young's modulus was maintained for any given cantilever

Figure 10. The impact of cantilever spring constant on tip/sample imaging forces was
determined via numerical simulations. The legend in (b) applies to all subplots. (a)
Maximum tapping forces, Fmax, as a function of Young's modulus with various values of
spring constant. (b) Minimum tapping forces, Fmin, as a function of Young's modulus. (c)
Maximum tapping forces, Fmax, as a function of the Hamaker constant with various
values of spring constant. (d) Minimum tapping forces, Fmin, as a function of the
Hamaker constant.
SPAM: theory and experiments

41

spring constant (Fig. 10a), and Fmin was unaffected by modification of the spring
constant (Fig. 10b). A similar trend was observed when simulations were performed to
determine how increasing the cantilever spring constant altered imaging forces related to
changes in the Hamaker constant: as the spring constant increased, Fmax increased for any
given Hamaker constant, with no change in Fmin (Fig. 10c). However, for any given
spring constant, as the Hamaker constant was systematically increased from 0.1-1.0 aJ,
the linear relationships between both Fmax and Fmin were maintained. Therefore, as long
as a single cantilever is used, features of tapping forces can be directly compared to
determine relative changes in sample mechanical properties.

2.3.4 Experimental applications of SPAM
The first successful application of the SPAM technique on an experimental system
utilized supported lipid bilayer patches on mica (Fig. 11) [31]. Supported bilayers have a
significantly lower elastic modulus than mica; therefore, this system provides a surface
with a soft and hard regions (supported bilayer and mica, respectively). Histograms of

Figure 11. SPAM imaging of a supported lipid bilayer patch in phosphate buffered saline
on mica. (a) Topography image, where the green line corresponds to the height profile on
the left. (b) Fmax and (c) Fmin images with histograms of the respective forces for every
tapping event presented to the left of the images. The insets zoom in on a portion of the
bilayer that contains small, stacked lipids on the patch (blue arrows).
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Fmax and Fmin associated with imaging this system are distinctly bimodal. Each mode
corresponds to either the mica or bilayer portions of surface, and provides excellent
contrast in the reconstructed force images (Fig. 11b-c). In agreement with the simulation
results, the values of Fmax corresponding to the bilayer were lower in comparison to those
corresponding to mica. The magnitude of Fmin associated with imaging mica was larger
than that for the bilayer patch, indicating that the tip adhered more strongly to the mica
surface. Interestingly, there were small regions on the supported bilayer patch,
approximately ~30-150 nm wide, that appeared to be a second bilayer stacked on top of
the first (Fig. 11, inset). The appearance of these regions was associated with a decrease
in Fmax, with no discernible change in Fmin. Those changes suggested that the stacked
bilayers had a reduced Young's modulus without a corresponding increase in adhesion.
Several studies have measured mechanical changes in supported lipid membranes
using SPAM. For example, SPAM has been used to determine the effect of cholesterol on
the modulus of lipid bilayers [17], how exposure to lipoprotein particles alters membrane
mechanics [32], how membrane disruption induced by a variety amyloid-forming
proteins alter local mechanical properties of lipid bilayers [15, 33-35], and how
mechanical changes associated with membrane curvature enhances the binding and
aggregation of the huntingtin peptide [36].
While SPAM has mainly been applied to studies involving supported lipid
membranes, the technique can be applied to a variety of systems. For example, SPAM

Figure 12. Images of aggregates of a polyglutamine peptide deposited on a mica substrate
created from the SPAM procedure. (a) Topography image where the green line
corresponds to the (b) height profile. Excellent contrast is observed in both the (c) Fmax
and (d) Fmin images between the proteinaceous material and the mica substrate.
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has been used to verify the magnitude of tapping forces associated with imaging fragile
viral capsids and nanoparticles [25, 36]. Contrast associated with imaging forces is also
achievable between protein aggregates and an underlying mica substrate (Fig. 12).
Contrast in Fmax and Fmin was also observed when using SPAM on a variety of materials
imaged in solution, such as a film consisting of a blend of polystyrene (PS, elastic
modulus of ~2 GPa) and polyolefin elastomer (LDPE, elastic modulus of ~0.1 GPa)
supported on a silicon substrate (Fig. 13).

Figure 13. SPAM imaging of a film consisting of a blend of polystyrene (PS, elastic
modulus of ~2 GPa) and polyolefin elastomer (LDPE, elastic modulus of ~0.1 GPa)
supported on a silicon substrate. (a) Topography, (b) Fmax, and (c) Fmin images display
excellent contrast between the two domains of the film.

2.4 Conclusions
The ability to simultaneously map topography and mechanical properties of surfaces is an
attractive feature of proximal probe-based microscopies, and accomplishing this
functionality has long been a focus within the field. Although recent advances have made
this a reality, where SPAM represents just one such technique, there is still considerable
effort required to refine these techniques. This chapter has highlighted the applicability of
the SPAM technique for simultaneously imaging and mapping the mechanical properties
of surfaces through a combination of simulations and experiments on a variety of
samples. The simulations presented here provided insight into the relationships between
tapping forces, surface mechanical properties and imaging parameters. These
relationships are also hold true for other TMAFM-based force reconstruction techniques.
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Importantly, these studies demonstrated that spatially resolved force maps can be directly
correlated to material properties of the surface, such as modulus and adhesion.
Additionally, because the SPAM technique is especially suitable for fluid TMAFM
experiments, it has significant potential for biological applications. The following two
chapters further demonstrate the applicability of the SPAM technique to supported lipid
bilayer systems.
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3.0 Mapping the mechanical properties of cholesterol-containing supported lipid
bilayers with nanoscale spatial resolution1
Many biological processes are influenced by mechanical changes in membranes which
are comprised of a variety of lipid components. As a result, the ability to map
physicomechanical properties of surfaces with high temporal and spatial resolution is
desirable. Tapping mode atomic force microscopy (AFM) has proven to be a useful
technique for imaging biological surfaces due to its ability to operate in solution;
however, access to information concerning the mechanical properties of these surfaces
can also be obtained by reconstructing the time-resolved tip/sample force interactions
during the imaging process. Reconstruction of the tip/sample force is achievable by
scanning probe acceleration microscopy (SPAM). Herein, the applicability of SPAM to
study mechanical properties of supported lipid bilayers with nanoscale spatial resolution
via experiment is described. The maximum and minimum tapping forces obtained from
the SPAM procedure respond to changes in surface mechanical properties, and these
changes can be used to measure mechanical properties of total brain lipid extract bilayers
containing various amounts of exogenous cholesterol supported on a mica surface.
Furthermore, the appearance of nanoscale raft domains within the bilayer was examined.

3.1 Introduction
When working with biological materials, it is of interest to quickly and delicately make
measurements to preserve sample integrity, i.e., prevent sample drying or surface
damage. Specifically, techniques that quantitatively and temporally monitor, track, and/or
characterize mechanical properties of biologically relevant surfaces with nanoscale
spatial resolution are desirable [1]. Scanning probe acceleration microscopy (SPAM),
which is based on tapping mode atomic force microscopy (TMAFM), is one such
technique [2]. As described in Chapter 2, the SPAM technique is especially useful for
experiments in solution, thus, it has the potential to investigate biologically relevant
problems, such as changes in the material properties of supported lipid bilayers, cells, or
other biological surfaces under the influence of external factors.

1

This chapter is based on the article, "Mapping the Mechanical Properties of Cholesterol-Containing
Supported Lipid Bilayers with Nanoscale Spatial Resolution" in Langmuir.
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Mapping the mechanical properties of supported lipid bilayers is a particularly
important application of the time-resolved tip/sample forces because lipid bilayers can be
used as models for cellular membranes. Membranes are critical to all living systems, and
many biochemical reactions occur on those surfaces. Biological membranes require a
high degree of lateral fluidity, while simultaneously maintaining structural integrity.
Specifically, biological membranes must be able to perform a variety of functions
properly and withstand mechanical and chemical stresses in their physiological
environment, and the physical properties of the membrane are key to those processes.
Cell membranes are two-dimensional liquid-crystalline units that are comprised of fluid
assemblies of amphiphilic molecules [3-5]. These membranes are commonly composed
of a diverse group of lipids, and the lipid composition plays a critical role in membrane
function and structure. Alterations in lipid composition or organization can have a
profound impact on many cellular functions, including signal transduction and membrane
trafficking [6, 7]. Because biological membranes are so complex, to understand the role
of a particular lipid component or stimulus on membrane function it is useful to perform
experiments with model membranes [1, 8-10]. Model membranes have been used
extensively in biophysical research because they often are made of a single, or a small
variety of lipid components. A major components of lipid membranes is cholesterol,
which is an important regulator of lipid organization. Sophisticated mechanisms are
employed to maintain cholesterol levels in membranes in vivo [11], and the failure of
these control mechanisms is associated with a variety of disease, such as atherosclerosis
[12]. Cholesterol content is critical to the mechanical and physical properties of lipid
bilayers, including: molecular fluidity [13, 14], compressibility [15], stiffness [16],
resistance to shear stress [3], and thickness [10, 17]. Consequently, cholesterol plays a
vital role in the regulation of physical and material properties of membranes, with
pronounced consequences for cell physiology.
In this chapter, supported lipid bilayers, composed of total brain lipid extract
(TBLE), were used as a model system to demonstrate how time-resolved tip/sample force
interactions can be used to understand physical properties of membranes. Specifically,
exogenous cholesterol was systematically incorporated into the supported TBLE bilayers
to determine how cholesterol influences the mechanical properties of membranes. TBLE
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is an excellent model for cell
membranes

because

it

is

comprised of a physiologically
relevant ratio of membrane
components, i.e. acidic and
neutral

phospholipids,

gangliosides,

cholesterol,

sphingolipids, and isoprenoids
(Fig. 1). For example, brain
lipid extract has been used as a
model surface in studying the
interaction of amyloid proteins
with membranes [14, 18-25]

Figure 1. Schematic illustration of a total brain lipid
extract (TBLE) bilayer. TBLE is composed of a variety
of physiologically relevant membrane components,
including: phospholipids, gangliosides, sphingolipids,
and cholesterol. For these studies, exogenous
cholesterol was systematically incorporated into the
supported TBLE bilayer system.

and as a mimic of the blood
brain barrier [26]. Additionally, the dependence of the tip/sample force interaction on the
set-point ratio is briefly described, as understanding this relationship is critical to
successfully compare results between experiments. SPAM experiments on a variety of
supported TBLE/cholesterol bilayer systems are also presented, thereby providing
insights into the local compressibility of the supported bilayer perpendicular to the plane
of the surface and the adhesion of the supported bilayer with respect to the AFM tip.
Finally, a supported TBLE bilayer containing 30% exogenous cholesterol was heated,
which resulted in the formation of lipid raft domains. This effect demonstrated that the
SPAM technique is capable of achieving nanoscale lateral resolution when mapping the
mechanical properties of supported lipid bilayers.

3.2 Methodology
3.2.1 Sample preparation
Total brain lipid extract (TBLE) (Avanti Polar Lipids) and cholesterol were dissolved in
chloroform (ACROS Organics) and mixed at appropriate ratios based on the mass
percentage. It was necessary to prepare samples according to mass percentage because
approximately 60% of the lipid composition of TBLE is unknown (the relative
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concentrations of different components in TBLE are available from the Avanti Polar
Lipids website). The chloroform was removed using a Vacufuge (Eppendorf). The
resulting lipid films were resuspended in phosphate buffered saline (PBS, at pH 7.3) at a
concentration of 1 mg/ml. Bilayers and multilayer lipid sheets were formed by five
sequential freeze-thaw cycles in liquid nitrogen. The lipid suspensions were then
sonicated for 30 minutes at 40°C to promote vesicle formation. The suspended vesicle
solution was diluted twenty times and 35 μL was injected directly into the AFM fluid cell
onto a freshly cleaved mica surface. Over time, small, patches of supported TBLE
bilayers formed on the mica surface.

3.2.2 AFM imaging conditions
In situ AFM experiments were performed with a Nanoscope V Multimode scanning
probe microscope (Veeco, Santa Barbara, CA) equipped with a tapping fluid cell and an
O-ring. V shaped oxide-sharpened silicon nitride cantilevers were used throughout these
studies, and had an advertised spring constant of 0.27 N/m (Budget Sensors). While the
manufacturer supplied the average value of the cantilever spring constant, the individual
cantilevers used in this study had a spring constants ranging from 0.4 to 0.5 N/m when
calibrated in our lab. Images were acquired with the use of a closed-loop “vertical
engage” J-scanner, and scan rates were set at 1.95 Hz with cantilever drive frequencies
ranging from approximately 8-9 kHz. Images were captured at 5 x 1.25 μm and 512 x
128 pixel resolutions. Images were captured at 5 X 1.25 µm and 512 X 128 pixel
resolutions. The temperature of the system was controlled using the Bio-Heater accessory
for the multimode AFM and monitored with a thermister incorporated into the fluid cell.

3.2.3 Scanning probe acceleration microscopy analysis
SPAM analysis was used to reconstruct every tapping event during AFM imaging as
described in Chapter 2. Briefly, cantilever deflection trajectories were simultaneously
captured during imaging through an AFM signal access module (Veeco) by using a
CompuScope 14-Bit A/D Octopus data acquisition card (Gage Applied Technologies,
Lachine, QB, Canada) and custom-written software. Trajectories were captured at 2-5
MS/s and 14-bit resolution with a resolution of 1–2 V. The trajectory of the cantilever
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was filtered using a Fourier transform based harmonic comb filter. Only intensities
corresponding to integer harmonic frequencies were kept, and these were used to
reconstruct a deflection signal, yrec(t). Once yrec(t) was obtained, the second derivative of
the cantilever trajectory was taken and multiplied by the effective mass, meff, of the
cantilever to obtain the time-resolved based tapping force between the tip and sample.

3.3 Results and discussion
3.3.1 The role of set-point on time-resolved tip/sample force
While the simulations presented in Chapter 2 demonstrated that the maximum and
minimum tapping forces (Fmax and Fmin, respectively) can be useful indicators of the
mechanical properties of surfaces, to make comparisons across samples, it is critical to
understand the impact of imaging conditions (such as set-point ratio) on the time-resolved
tip/surface tapping force. To determine how the relative magnitude of Fmax and Fmin
changed with varying the set-point ratio, experiments were performed on the supported
TBLE bilayer patches on (Fig. 2). Throughout this study, the temperature was maintained
between 23 and 24 °C to prevent any variations in the phase of the supported lipid bilayer
patch. Patches of bilayer were used in this study rather than a complete bilayer so that the
exposed mica surface could serve as an internal reference to study the relative values of
tapping forces on the supported TBLE bilayer. Supported TBLE bilayers have a
considerably lower elastic modulus than mica, so this system provides a surface with a
soft region (the bilayer patch) and a hard region (the exposed mica). The mean distance
between the height of the mica substrate (~0 nm) and the top of the supported bilayer
(~3.6-3.9 nm) did not appreciably or systematically change as a function of set-point
ratio, thus the set-point ratio had no discernible effect on the measured height of the
supported TBLE bilayer patches (Fig. 2a-b). However, in every image, the measured
height of the supported bilayer was smaller than the typical height as one would expect
for an uncompressed TBLE bilayer (~5 nm), indicating that the supported bilayer was
compliant under the applied imaging force of the probe. As demonstrated by the
simulations in Chapter 2, the Fmax associated with imaging regions of different rigidity
increased with increasing elastic modulus; therefore, regions of the surface with varying
elastic modulus can be indicated by surface maps of the maximum tapping force (Fig.
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2c). As expected, the magnitude of Fmax was smaller in regions associated with the
supported bilayer, indicating that the supported bilayer was softer than the mica. Contrast
was also observed in surface maps of Fmin for the supported bilayer patch/mica system
(Fig. 2d), and this contrast between supported bilayer and mica can be attributed to a
combination of differing surface rigidity and adhesion to the tip.
Although the measured height of the supported bilayer patches were not altered as
a function of set-point ratio, the magnitudes of Fmax and Fmin changed with decreasing setpoint ratio (Fig. 2e-f). Histograms of the forces for each tapping event associated with
obtaining the image were bimodal, where the two peaks in each Fmax and Fmin histogram
correspond to the mica and supported bilayer portions of the surface. In the Fmax images

Figure 2. Experiments demonstrating the effect of set-point ratio on the relative
maximum and minimum tapping forces (Fmin and Fmax, respectively) on mica and
supported lipid bilayer patches. A series of TMAFM (a) topography images, and (b)
height histograms of the same TBLE bilayer patch imaged with different set-point
ratios as indicated above each image in (a). Insets in (a) demonstrate the cantilever tip
tracking of the edge of the supported bilayer in the image. (c) Fmax and (d) Fmin images
corresponding to the topography images in (a) are also presented. Fmax and Fmin images
were acquired using the SPAM technique, and histograms were constructed for (e) Fmax
and (f) Fmin measured from raw data associated with each individual tapping event
during the imaging process. Histograms were aligned with respect to the average values
of (g) Fmax and (h) Fmin associated with imaging the exposed mica surface, and as a
result, the peak associated with tapping forces corresponding to mica is centered around
zero in the aligned histograms.
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and histograms, the larger magnitude force is associated with mica, and for the Fmin
images and histograms, the larger magnitude (more negative) Fmin is also associated with
mica. When the set-point ratio was lowered, the applied total force per tapping event to
the surface increased, which resulted in larger values of Fmax (Fig. 2e). This result is
consistent with previously reported simulations and experiments [27]. However, when the
force histograms were normalized to the value of Fmax associated with mica, the relative
value of Fmax on the supported bilayer patch with respect to mica was maintained for setpoint ratios of 0.5-0.8 (Fig. 2g). At a set-point ratio of 0.9, the relative value of Fmax
associated with supported bilayer with respect to mica was smaller than the values of Fmax
associated with the supported bilayer at lower set-points; at a set-point of 0.9, the tip
barely makes contact with the surface, thereby reducing the physical interaction between
the cantilever tip and the sample surface. This effect is further supported by evidence in
the height images (Fig. 2a insets), where the tip is unable to properly track the edges of
the supported bilayer with a set-point ratio of 0.9, as compared to lower values of setpoint ratio. Thus, once a certain set-point ratio is reached, the relative tip-surface
interactions associated with Fmax on surfaces of varying elasticity remains constant. This
observation makes comparisons between samples easy as long as an internal reference
surface, such as mica, is present. This simplifies calibration of such images with respect
to surface properties. The raw magnitude of Fmin associated with mica does not
appreciably change. Once the set-point has been reduced below 0.9 (Fig. 2f), however,
the value of Fmin associated with the supported bilayer becomes larger in magnitude.
When the force histograms were normalized to value of Fmin associated with mica, the
relative value of Fmin for the supported bilayer with respect to mica systematically
decreased as the set-point ratio was reduced from 0.8 to 0.5 (Fig. 2h). This demonstrates
that the relative values of Fmin are highly dependent on the set-point ratio, and one must
be careful to maintain the same set-point ratio when imaging to facilitate comparison of
Fmin values between separate samples. Similar to Fmax, the relative values of Fmin
associated with bilayer and mica with a set-point ratio of 0.9 does not follow the pattern
because the tip was barely tracking the surface.
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3.3.2 Physical and mechanical properties of TBLE supported bilayers change as a
function of cholesterol content
To determine whether the time-resolved tip/sample tapping force could be used to detect
physical changes in supported bilayers associated with lipid composition, a series of
experiments were performed on supported TBLE bilayer patches containing varying
amounts of exogenous cholesterol. Conventionally lipid concentrations in mixtures are
determined by molar ratios; however, this study determined cholesterol composition by
mass percentage because TBLE is a complex mixture of lipids where approximately 60%
of the extract is made of unknown lipid species. The samples utilized in this study were:
1) 100% TBLE, 2) 90% TBLE + 10% exogenous cholesterol, 3) 80% TBLE + 20%
exogenous cholesterol, 4) 70% TBLE + 30% exogenous cholesterol, 5) 60% TBLE +
40% exogenous cholesterol, and 6) 50% TBLE + 50% exogenous cholesterol. By
systematically enriching the bilayer with exogenous cholesterol, we can evaluate the
effectiveness of the SPAM technique to measure changes in the material properties of
supported bilayers due to changes in lipid composition. Similar to the previous studies
examining the effect of set-point ratio, the temperature of the system was maintained at
23 to 24 °C. Additionally, based on the findings from previous studies and the set-point
experiments, to facilitate comparisons between samples, it was critical to maintain
imaging parameters, including: set-point ratio (0.8), a constant drive amplitude, and free
amplitude. To simplify the situation, the same cantilever was used for each experiment;
however, because this experiment involved imaging six different samples, it was
necessary to clean the AFM fluid cell and cantilever after evaluating each
TBLE/cholesterol system. Thus, caution was practiced when cleaning the system and
changing the samples to avoid damaging the cantilever. By using the same cantilever,
relatively similar operating frequencies and maintaining a constant drive amplitude and
set-point ratio, it was possible to compare forces across experiments because the total
tip/sample force per oscillation cycle is given by:

,
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where k is the cantilever spring constant, a0 is the drive amplitude, ΔA is the tapping
amplitude and A0 is the free amplitude [28]. As previously described, the forces
associated with imaging the exposed mica were used as an internal reference to normalize
small variations in the tip/sample forces, making it possible to compare relative shifts in
the magnitude of tapping forces [27]. At any given free amplitude and set-point ratio, the
height of the bilayer patches with respect to the underlying mica substrate changed as a
function of addition of cholesterol (Fig. 3). Pure TBLE had a measured height of 3.6 nm,
which was consistent with those observed for the set-point ratio experiments shown in

Figure 3. Experiments evaluating the effect of cholesterol content on the measured height
of a supported TBLE bilayer. (a-e) TMAFM images of TBLE bilayer patches enriched in
cholesterol and supported on a mica surface imaged in solution, at the same free
amplitude and set-point ratio. For each TBLE/cholesterol system, 2D and 3D height
images are presented, with a height profile taken from the image, indicated by the green
line. Directly under each height profile is a histogram of all of the pixels in the height
image, where the measurements associated with the mica surface are centered at 0 nm.
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Fig. 2. As the exogenous cholesterol was increased from 0% to 20%, the measured height
of the bilayer systematically decreased from 3.6 to 2.7 nm. At 30% exogenous
cholesterol, the measured height of the bilayer increased to 3.5 nm. Adding more
cholesterol to the bilayer caused the mean height of the bilayer to drop to 3.0 and 1.4 nm
for 40% and 50% exogenous cholesterol, respectively. Based on simulations described in
Chapter 2, changes in the Young's modulus or Hamaker constant associated with adding
cholesterol to the bilayers could have caused changes in the measured height of the
bilayer. The significantly decreased measured height for the TBLE bilayer containing
50% exogenous cholesterol could have been caused by several factors. One possibility is
that the supported bilayer was approaching its cholesterol saturation point, thereby
preventing efficient lipid packing into the ordered bilayer [9]. Studies have reported that
when cholesterol concentrations in the bilayer are equal to or greater than 50%,
cholesterol is insoluble in the bilayer and precipitation can occur [15, 29]. Therefore, the
increased compressibility may be attributed to the inability of the cholesterol molecules
to be fully incorporated into the bilayer. The shorter cholesterol molecules within the
bilayer, which are known to have a length of about 2 nm [30, 31], may also be
contributing to the shorter observed bilayer patches. The thickness of the bilayers
changes due to the addition of exogenous cholesterol, with the bilayer thickness
increasing initially with additional cholesterol before reaching a maximum thickness and
decreasing [17]. Another possibility for the height differences is a cholesterol induced
phase transition in the lipid bilayer.
To determine the dominant contributor to the observed bilayer heights as a
function of cholesterol content, mechanical surface maps of Fmax and Fmin were
constructed using the SPAM technique (Fig. 4-5). These mechanical maps directly
correspond to the topography images (Fig. 3). While Fmax is a measure of the surfaces
local Young's modulus, Fmin is related to the force required to break contact between the
tip and surface, i.e. adhesion, and can be associated with local changes in surface free
energy, as demonstrated by simulations in Chapter 2. Similar to the set-point
experiments, there was a bimodal distribution of data in histograms of Fmax and Fmin
associated with the TBLE bilayer and mica surfaces. In the Fmax images and histograms,
the smaller positive force is associated with the lipid bilayers (which was variable for the
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different bilayer systems), indicating that the bilayers have a lower elastic modulus than
the mica substrate (Fmax ~ 35 nN). The smaller value of Fmin is associated with the lipid
bilayers, indicating that the tip-supported bilayer interaction (which had variable Fmin
values depending on cholesterol content) has a smaller surface free energy compared to
the tip-mica substrate interaction (Fmin ~ 28.5 nN). The shift in the observed magnitudes
of Fmax and Fmin for bilayers with respect to the mica surface indicates that the addition of
cholesterol altered the mechanical properties of the supported bilayers (histograms in Fig.
4 and 5).
Features of the time-resolved tip/sample tapping forces on the different bilayer
systems can be directly compared because the cantilever (i.e., same spring constant and
mass) and imaging parameters (i.e., drive amplitude, free amplitude, and set-point ratio)
were maintained in all experiments (Fig. 6). Smaller values of Fmax associated with
tapping events on the bilayer correspond to a lower elastic modulus after taking into

Figure 4. Reconstructed maximum tapping force (Fmax) images of TBLE/cholesterol
bilayer patches supported on a mica surface. Fmax images associated with (a) 100%
TBLE, (b) 90% TBLE and 10% cholesterol, (c) 80% TBLE and 20% cholesterol, (d)
70% TBLE and 30% cholesterol, (e) 60% TBLE and 40% cholesterol, and (f) 50% TBLE
and 50% cholesterol are presented. These images directly correspond to the height
images presented in Fig. 3. Histograms of Fmax constructed from each tapping event of
the imaging process are provided directly below each image, where there is a bimodal
distribution of tapping forces. The peaks associated with the tapping events on the mica
surface are normalized to ~35 nN, and the peaks associated with tapping events on the
lipid bilayer patch are to the left.
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Figure 5. Reconstructed minimum tapping force (Fmin) images of TBLE/cholesterol
bilayer patches supported on a mica surface. Fmin images associated with (a) 100%
TBLE, (b) 90% TBLE and 10% cholesterol, (c) 80% TBLE and 20% cholesterol, (d)
70% TBLE and 30% cholesterol, (e) 60% TBLE and 40% cholesterol, and (f) 50% TBLE
and 50% cholesterol are presented. These images directly correspond to the height
images presented in Fig. 3. Histograms of Fmin constructed from each tapping event of the
imaging process are provided directly below each image, where there is a bimodal
distribution of tapping forces. The peaks associated with the tapping events on the mica
surface are normalized to ~ -28.5 nN, and the peaks associated with tapping events on the
lipid bilayer patch are to the right.
account any contributions due to any increased attractive interaction, which can be
estimated based on Fmin. Initially, there was a decrease in Fmax as the cholesterol content
of the bilayer was increased from 0% to 20% (Fig. 6a). This trend was followed by a
dramatic increase in Fmax when 30% exogenous cholesterol was added to the supported
bilayers (p < 0.01 when comparing 20% exogenous cholesterol to 30% exogenous
cholesterol content). Although there was no significant change observed in Fmax when the
cholesterol content was increased from 30% to 40%, another significant decrease (p <
0.05) in Fmax was observed when exogenous cholesterol was added (up to 50%). This
bimodal pattern indicates an initial decrease in Young's modulus of the bilayer with the
addition of cholesterol, followed by a sharp increase in the Young's modulus, followed
with another decrease. Interestingly, the observed heights of the bilayers with 0% to 40%
exogenous cholesterol correspond well with the magnitude of the associated magnitude
of Fmax. That is, the bilayers with the smallest values of Fmax, which should be the most
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Figure 6. Average values of the (a) maximum and (b) minimum tapping forces on
supported TBLE bilayer patches as a function of exogenous cholesterol content. The
average values were calculated from each tapping event that occurred on the bilayer
patch, and the error bars represent the standard deviation. * indicates p < 0.05, and **
indicates p < 0.01 based on a simple t test.
easily compressed based on the associated relative value of Young's modulus, have
smaller observed heights. This relationship did not hold true for the bilayer containing
50% exogenous cholesterol, which again may be due partially to the fact that the bilayer
is near its cholesterol saturation point [9]. The bimodal pattern of the values of Fmax
associated with the bilayer as a function of cholesterol content is intriguingly similar to
the pattern observed by Yip et al. for membrane fluidity on the same system using
fluorescence DPH (diphenylhexatriene) anisotropy [14]. That study demonstrated that the
membrane fluidity decreased with addition of exogenous cholesterol to TBLE up to 20%,
had a maximum lateral fluidity at 30% exogenous cholesterol, and decreased again with
the further addition of cholesterol to the TBLE bilayer [14]. A caveat of this comparison
is that the fluorescence DPH anisotropy measurements were made on lipid vesicles rather
than the supported lipid bilayer systems used in these studies. The fluidity of the
supported lipid bilayer can be influenced by the mica substrate, thereby complicating
comparisons between the two types of studies. Nonetheless, the similar trend observed in
both cases eludes to interesting relationship between the lateral fluidity and vertical
compressibility of lipid membranes in which the larger the lateral fluidity of the
membrane, the larger the Young's modulus. Such a scenario would be advantageous for
biological membranes that need to balance lateral mobility within the membrane to
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maintain structural integrity of the membrane as a whole. Other studies have reported that
molecules, such as cholesterol, which lie parallel to a lipid chain will experience only
slight perturbations if pressure is applied in the vertical direction; however the horizontal
compressibility can be much greater [32], which may partially explain the observed
relationship between vertical compressibility and lateral fluidity of a lipid bilayer. Similar
increases in bilayer compression perpendicular to the membrane plane have been
observed in other simpler bilayer systems, but the exact changes in elasticity due to
addition of cholesterol are dependent on the nature of the phospholipids [15]. Another
potential factor contributing to the observed changes in relative Young's modulus from
the addition of exogenous cholesterol could be due to changes in phase of the supported
bilayer, as cholesterol has been shown to induce transitions from the liquid disordered to
the liquid ordered phase in POPC vesicles [33]. There is biological relevance associated
with such cholesterol-induced phase transitions, as the membrane structure associated
with the lipid phase appears to be the determining factor in the pore-forming activity of
the polyene antibiotic nystatin on POPC/cholesterol vesicles [34].
As demonstrated by simulations in Chapter 2, Fmin provides information about the
adhesive force between the AFM probe and bilayer surface. Specifically, the larger the
magnitude of Fmin, the more adhesive the surface is to the cantilever tip. Fmin as a function
of cholesterol content did not demonstrate the same pattern as produced by Fmax (Fig. 6b)
or the bilayer fluidity data from Yip et al. [14]. With the addition of 10% exogenous
cholesterol to the bilayer, the adhesion between the bilayer and the tip did not appreciably
change. At 20% exogenous cholesterol, the adhesive force between the tip and the bilayer
decreased significantly (p < 0.01), but the adhesion became much stronger with the
addition of 30% cholesterol (p < 0.01). The adhesive force at 40% cholesterol was similar
to that of a pure TBLE bilayer and one containing 10% cholesterol; however, this
represented a significant decrease in the adhesive force when comparing samples
containing 30% exogenous cholesterol. An interesting feature was observed with the
bilayer containing 50% exogenous cholesterol, the adhesive force was significantly (p <
0.01) increased as compared to the other TBLE/cholesterol compositions. As simulations
presented in Chapter 2 have demonstrated, large adhesive forces can result in an
increased compression of soft surfaces, and this large increase in adhesion could also
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contribute to the lower observed height as measured by AFM. This could further explain
why the measured height of the bilayer containing 50% exogenous cholesterol was an
outlier to the observed relationship between Fmax and measured bilayer height. A
potential complication of this type of analysis is that lipids can adhere to the cantilever
tip; however, based on the topography images, there is no evidence that this occurred in
any of the presented experiments. To avoid this complication, the AFM fluid cell and the
cantilever were cleaned between experiments (imaging each of the six TBLE/cholesterol
mixtures). Additionally, if a layer of lipids would have formed the cantilever tip, the
images would have had evidence of tapping on a double bilayer. TMAFM experiments
by Xu et al. demonstrated that compositional contrast in higher harmonic images on
supported purple membranes that were one or two layers thick [35]; therefore, we suspect
that the tapping forces would be altered by a lipid layer formed on the surface of the tip,
because double bilayers are more compressible than single bilayers.

3.3.3 Material properties of lipid rafts are distinguishable from the surrounding
supported lipid bilayer
To demonstrate the ability of SPAM to map the mechanical properties of a surface with
nanoscale spatial resolution, supported TBLE bilayers with 30% exogenous cholesterol
were heated above 35 °C to induce the formation of nanoscale lipid domains. Heating the
system caused a reduction in bilayer height to ~2.4 nm above the mica surface (Fig. 7a),
and lipid rafts were formed within the domain. These domains were ~0.7-1.2 nm shorter
in height compared to the surrounding bilayer, and the rafts had diameters ranging from
~75-250 nm (based on the topographical image in Fig. 7b). The supported TBLE bilayers
with rafts were imaged, and the forces associated with each tapping event were
reconstructed using the SPAM technique to obtain Fmax and Fmin images (Fig. 7c and 7d,
respectively). The lipid raft domains were associated with an increase in magnitude of
Fmax and Fmin in comparison to the surrounding lipid bilayer. Although the change in Fmax
may be partially due to an increased rigidity of the raft domains, the relative shifts
associated with Fmax and Fmin were comparable, indicating that the changes in adhesive
properties of the supported bilayer are most likely the dominant factor in the observed
tapping forces (both Fmax and Fmin). Importantly, this experiment demonstrates that
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SPAM

is

capable

of

achieving lateral resolution of
surface mechanical maps on
the

nanoscale;

similar

however,

to

TMAFM

experiments,

the

lateral

resolution

the

SPAM

of

process appears to be limited
by the size of the cantilever
tip and therefore, the contact
area between the tip and the
surface.

3.4 Conclusions
An important direction in the
field

of

scanning

microscopy
enhancement

probe

is

the

and

further

development of methods to
simultaneously

capture

topographical and mechanical
information about surfaces.
Reconstruction of the time-

Figure 7. Lipid raft domains are formed in
TBLE/cholesterol systems at elevated temperatures. (a)
3D TMAFM topography image and height histogram of
a supported TBLE bilayer containing 30% exogenous
cholesterol taken at 35 °C, where raft domains are
visible. (b) The green line in the height image
corresponds to the height profile below, demonstrating
that the raft domains were ~0.7-1.2 nm lower in height
than the surrounding bilayer, and had diameters of ~75250 nm. Reconstructed, spatially resolved images and
corresponding histograms of (c) Fmax and (d) Fmin. The
forces associated with different regions of the surfaces
(lipid bilayer, raft domain, and mica) were sorted in the
histograms based on topography, and the insets magnify
the regions of the associated with the raft domains.

resolved tip/sample tapping
force during standard TMAFM operation is an attractive method for achieving this goal,
and several techniques have been developed to accomplish the recovery of these forces
[2, 36-44]. As demonstrated by simulations in Chapter 2 and experimental results, the
maximum and minimum tapping forces for TMAFM operation in fluids can be related to
material properties of surfaces such as Young's modulus and the surface free energy
between the cantilever tip and sample surface. The reconstructed tip/sample force
interactions can provide insight into the mechanical properties of biologically relevant
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surfaces with nanoscale spatial resolution. SPAM is a technique which enables the
reconstruction of tapping forces from the deflection signal of a TMAFM experiment;
here, the applicability of SPAM to investigate the mechanical changes induced in
supported TBLE bilayer patches enriched with exogenous cholesterol was demonstrated.
In this particular study, maximum tapping forces provided evidence for a link between
the vertical compressibility and lateral fluidity of a membrane, as demonstrated using
TBLE bilayers containing various amounts of exogenous cholesterol. Additionally,
minimum tapping forces provided information about adhesive properties of the lipid
bilayer to the cantilever tip. To facilitate comparison between samples, it was imperative
to hold several key parameters constant, such as drive amplitude, free amplitude, and setpoint ratio. To simplify this issue, the same cantilever was used for all experiments.
Importantly, all of these experiments were performed under physiologically relevant
buffer conditions, which makes the SPAM technique particularly useful for studying
biologically relevant surfaces.
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4. Investigation of temperature-induced mechanical changes in supported bilayers
by variants of tapping mode atomic force microscopy1
Tapping mode atomic force microscopy (AFM) is an invaluable technique for examining
topographical features of biological materials in solution, but there has been a growing
interest in developing techniques to provide further compositional contrast and
information concerning surface material properties. Phase shifts, cantilever response at
higher harmonic frequencies of the drive, and time-resolved tip/sample force
reconstruction have all been shown to provide additional compositional contrast of
surfaces, as a compliment to the tapping mode AFM imaging process. This study
demonstrates the relative ability of these different imaging techniques to detect
temperature induced changes in the elastic modulus of supported total brain lipid extract
(TBLE) bilayer patches on mica. To aid in direct comparison between the different
imaging techniques, all required data was obtained simultaneously while capturing
traditional tapping mode AFM topographic images. While all of the techniques were able
to provide compositional contrast consistent with known temperature-induced changes in
the bilayer patch, interpretation of the resulting contrast was not always straightforward.
Phase imaging suffered from contrast inversion, and individual harmonics responded in a
variety of ways to the temperature-induced changes in elastic modulus of the bilayer. The
maximum tapping force (or largest positive force) associated with imaging the bilayer
correctly reflected the changes in elastic modulus of the lipid bilayer. Importantly, as the
required data can be obtained simultaneously, combining these different imaging
techniques can lead to a more complete understanding of a sample's mechanical features.

4.1 Introduction
There has been a considerable effort to develop techniques based on tapping mode atomic
force microscopy (TMAFM) that simultaneously determine mechanical properties of
surfaces while obtaining traditional topographic images. These approaches offer several
potential advantages over other traditional AFM techniques that measure material
properties, such as high spatial resolution and relatively nondestructive imaging forces
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This chapter is based on the article, "Investigation of Temperature-Induced Mechanical Changes in
Supported Bilayers by Variants of Tapping Mode Atomic Force Microscopy" in Scanning.
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that are associated with TMAFM. Other techniques that measure material properties of
sample surfaces, such as force volume imaging and nano-indentation, can cause large
deformations of soft samples which may result in sample damage. Accordingly,
TMAFM-based techniques are particularly well-suited for studying delicate biological
specimens in solution.
In the past few years, several TMAFM-based techniques have been developed
that simultaneously capture topographical and material information of surfaces. Phase
contrast imaging was one of the first such methods, which is based on measuring the
phase shift between the drive signal and the cantilever motion [1, 2]. One can also gain
further insight into the material properties of a sample surface by examining the
cantilever deflection trajectory at higher harmonic frequencies with respect to the drive
frequency [3, 4]. By applying a harmonic drive to the cantilever, the resulting harmonic
oscillation of the cantilever is distorted by the tip/sample tapping event during each
oscillation cycle [3-6]. This causes a shift in power to the higher harmonic frequencies,
and mapping the cantilever response at those higher frequencies can provide additional
compositional contrast of surfaces when imaging in liquids [6, 7].
Recently, tip/sample force reconstruction techniques based on TMAFM have
gained considerable attention as a method of gaining insight into the material properties
of a sample surface. The first force reconstruction technique was developed by Stark et
al., where the cantilever deflection trajectory was captured during the TMAFM imaging
process, and then converted into a time-resolved tip/sample force by taking the inverse
Fourier transform of the Fourier-transformed cantilever deflection trajectory divided by
its transfer function [8]. Since then, several other force reconstruction techniques have
been developed to obtain the time-resolved tip/sample forces associated with TMAFM [5,
9-13]. One such method was scanning probe acceleration microscopy (SPAM), which
utilizes the second derivative of the deflection signal to recover the tip acceleration
trajectory that can then be converted into the time-resolved tip/sample force, as
thoroughly discussed in previous chapters [5].
TMAFM-based experiments are particularly well-suited for imaging biologically
relevant samples in solution due to the nondestructive nature of the tapping event. Lipid
bilayers have been used extensively in TMAFM experiments [14-18]; they serve as an
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excellent model of cellular membranes, which are essential components of all living
systems. Cell membranes are two-dimensional liquid-crystalline structures that are
composed of a variety of amphiphilic lipids [19, 20]. The material properties of cellular
membranes are critical to proper cellular functioning, as membranes must have a high
degree of lateral fluidity while maintaining structural integrity. The material properties of
lipid membranes (such as fluidity, Young's modulus, and adhesion) depend on the lipid
composition and on local environmental properties such as pH, pressure, hydration, and
temperature [21, 22]. Lipid membranes are predominantly in a fluid phase under
physiological conditions; however, thermal fluctuations can alter the phase state of
membranes. For example, increasing temperature generally causes lipid membranes to
enter a more disordered state, whereas lowering the temperature encourages a more
ordered, and potentially nonfluid state [23]. Phase transitions occur at a variety of
temperatures for different lipid systems based on the packing efficiency of specific lipid
components [20], and these changes in lipid organization can alter cellular functions,
such as signal transduction and membrane trafficking [20, 24]. Herein, phase imaging,
higher harmonic imaging, and SPAM were evaluated on their ability to track
temperature-induced changes and phase transitions of supported lipid bilayers.
Importantly, all of these images (from phase, harmonic and SPAM imaging processes)
were obtained simultaneously, which allowed for direct comparisons between individual
TMAFM experiments.

4.2 Methodology
4.2.1 Sample preparation
Supported lipid bilayers were prepared in a similar manner as described in Chapter 3.
Total brain lipid extract (TBLE, Avanti Polar Lipids) and cholesterol were dissolved in
chloroform (ACROS Organics) to a concentration of 70% TBLE and 30% cholesterol by
mass. The chloroform was removed using a Vacufuge (Eppendorf), and the resulting lipid
films were resuspended in phosphate buffered saline (PBS, pH 7.3) at a concentration of
1 mg/mL. Five sequential freeze−thaw cycles in liquid nitrogen were performed to
promote bilayer formation. The lipid suspensions were then placed in a bath sonicator for
20 min to promote vesicle formation. The resultant vesicle solution was then diluted 50
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times. 5 μL of this diluted solution was directly injected into the AFM fluid cell, which
already contained 35 μL of PBS, and onto a freshly cleaved mica substrate. Supported
lipid bilayer patches formed on the mica surface within a few minutes.

4.2.2 AFM imaging conditions
In situ AFM experiments were performed with a Nanoscope V Multimode scanning
probe microscope (Veeco, Santa Barbara, CA) using a fluid cell equipped with an O-ring
and a V-shaped oxide-sharpened silicon nitride cantilever (Budget Sensors). All
topography images were acquired in the tapping mode with acoustic excitation of the
cantilever. While the nominal spring constant of the cantilevers provided by the
manufacturer was 0.27 N/m, the actual spring constant of the cantilevers used in this
study were calculated using a thermal tuning method, as previously described [25]. All
images were acquired using a closed-loop “vertical engage” J-scanner. The scan rate was
1.95 Hz with cantilever drive frequencies ranging from approximately 8 to 9 kHz. The
free amplitude of the cantilever was 29.4 nm for all experiments presented here, and the
set-point ratio, defined as the tapping amplitude to the free amplitude, was maintained at
0.8. Images were captured at 5 × 1.25 μm and 512 × 128 pixel resolutions. Topography
and phase images were captured using Nanoscope software supplied by the manufacturer.
The temperature was increased from 28-37 °C using the Bio-Heater accessory for the
multimode AFM (Veeco, Santa Barbara, CA) and additionally monitored with a
thermister incorporated into the fluid cell.

4.2.3 Higher harmonic imaging and scanning probe acceleration microscopy
Cantilever deflection trajectories were simultaneously captured during acquisition of each
TMAFM image by use of a signal access module (Veeco), a CompuScope 14-Bit A/D
Octopus data acquisition card (Gage Applied Technologies, Lachine, QB, Canada), and
custom-written software. Trajectories were captured at 2.5 MS/s and 14-bit resolution
with a vertical resolution of ±2 V. These cantilever trajectories were processed using
Matlab equipped with the signal processing toolbox (Mathworks, Natick, MA). A sliding
window Fourier transform was applied to the cantilever deflection trajectory, which was
six oscillation cycles in length and was advanced by one oscillation cycle at a time. To
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create higher harmonic images, it was necessary to take the magnitude of the resulting
power spectrums based on individual harmonic frequencies, then reshape the resulting
response at any given frequency into an appropriately sized matrix corresponding to a
TMAFM image. The time-resolved tip/sample forces were reconstructed from the
cantilever deflection trajectory based on the SPAM procedure, exactly as described in
Chapter 2. Specifically, the maximum tapping force (Fmax), defined as the largest positive
force experienced between the tip and the surface during one tapping event, was
organized into an appropriately sized matrix corresponding to the TMAFM image to
obtain a spatially resolved force map.

4.3 Results and discussion
4.3.1 Influence of temperature on bilayer height and phase
To determine the relative applicability of phase imaging, higher harmonic imaging, and
reconstruction of the time-resolved tapping forces to study temperature-induced
mechanical changes in biologically relevant samples, TMAFM was performed on lipid
bilayer patches supported on a mica surface. Lipid bilayers have a considerably smaller
elastic modulus compared to mica; therefore, the bilayer patch on mica is an excellent
system for comparing different imaging modes because the system provides a surface
with a soft region (the supported bilayer patch) and a hard region (mica). The supported
lipid bilayer patch was imaged as temperature was increased from 28 to 37°C, which was
accomplished by sequential heating of the sample. Importantly, all of the data
(topographic, phase, harmonics, and the maximum tapping forces) was obtained
simultaneously during the TMAFM imaging process. Although this experiment took over
8 hours to complete and it was repeated several times, it is important to note that the data
was collected from the same bilayer patch using a single cantilever with a constant drive
amplitude, free amplitude, and set-point ratio. To accomplish the maintenance of these
settings, it was critical that there were no adjustments made to the cantilever placement
within the fluid cell for the duration of the experiment. This normalized errors associated
with the geometry of the fluid cell and the position of the piezo shaker with respect to the
cantilever, so that direct comparisons could be made from image to image as the
temperature was adjusted during a single experiment. By maintaining these parameters,
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the total tip/sample force per oscillation cycle (Ftotal) remained constant, based on the
following equation:

,

(1)

where k is the spring constant, a0 is the drive amplitude, ΔA is the tapping amplitude and
A0 is the free amplitude [26]. As previously described, the experiments in this work were
performed using a set-point ratio of 0.8. This value was chosen based on previous studies
demonstrating that this setting was appropriate for imaging supported TBLE bilayer
patches [16, 27]. Additionally, it was critical to use only patches of TBLE bilayers rather
than a fully formed bilayer, so that the exposed mica surface could serve as an internal
control. This control was used to verify that Ftotal remained constant and to facilitate
direct comparisons between images acquired at various temperatures [27]; therefore, all
results are reported relative to this control. Although the absolute values for bilayer
height, phase shifts, amplitude response of individual harmonics and tapping forces could
have varied from experiment to experiment due to the difficulties in controlling the
aforementioned imaging parameters, the relative shifts in these values compared to the
internal mica control were consistently reproduced, with the exception of phase images,
which will be discussed later. For simplicity, the images presented here were gathered
from a single experiment.
Similar to the previous study, total brain lipid extract (TBLE) was chosen because
it is a naturally occurring mixture of phospholipids. The lipids in the extract all have
varying degrees of saturation, which can contribute to the packing arrangement within the
lipid bilayer. For this study, TBLE was enriched with 30% exogenous cholesterol to
strengthen the bilayer patches for the lengthy study, as previous studies on TBLE with 050% exogenous cholesterol demonstrated that TBLE bilayers with 30% exogenous
cholesterol have the greatest degree of vertical rigidity [16]. Additionally, incorporation
of exogenous cholesterol into the bilayer lowers the phase transition temperature of lipid
bilayers [28, 29], allowing observation of phase transitions at temperatures accessible by
our experimental set-up. Significant changes in the mechanical properties of bilayers
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Figure 1. Surface topography of a TBLE bilayer patch supported on mica. (a) AFM
topography images of the same patch supported taken at 28, 31, 34, and 37 oC. The dotted
line in the image taken at 34 oC indicates a region of the bilayer undergoing a phase
transition. The color bar is applicable to all images. (b) Histograms of all of the height
measurements in the AFM images presented as a function of temperature. Brighter colors
indicate a larger number of measurements corresponding to a specific height.
Measurements corresponding to the mica substrate are indicated by the bright region at 0
nm.
accompany phase transitions, thereby providing a simple system to investigate the ability
of different TMAFM-based imaging techniques to detect such changes.
To determine if a phase transition occurred in the TBLE bilayer patch upon
heating, standard TMAFM topography images were used to evaluate fluctuations in
bilayer height as a function of temperature (Fig. 1). At 28 °C, the lipid patch had a height
of 3.6 ± 0.1 nm (Fig.

1), consistent with previous reports [16, 27]; however, the

measured bilayer height was slightly lower than the theoretical height of the lipid
bilayers, which is ~4.5-5 nm, due to the compressing action of the cantilever tip on the
supported bilayer [27]. This observed compression was consistent with previous
TMAFM-based studies and simulations that demonstrated the bilayer is a more compliant
surface than the mica substrate [16]. The bilayer height slightly increased (4.1 ± 0.5 nm
and 4.2 ± 0.5 nm respectively) when the temperature was raised to 31 and 34 °C.
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Furthermore, morphological changes were observed within the bilayer patch at 34 °C, as
a region of the bilayer had a height that was ~0.7 nm smaller (Fig. 1). This indicated that
the bilayer was undergoing the initial stages of a transition to a phase that is more easily
compressed by the imaging force. Accordingly, the height of the bilayer patch became
considerably smaller (1.8 ± 0.1 nm) as the temperature was further increased to 37 °C. At
lower temperatures, lipid components are more tightly packed within the bilayer, which
results in a slightly thicker bilayer; however, the change in thickness of bilayers in this
temperature range should only be on the order of a few angstroms [30, 31]. In these
studies, the difference in bilayer height before and after the phase transition is much
larger than would be expected due to simple rearrangement of lipid packing. This effect
is a likely consequence of the cantilever tip pushing deeper into the highly fluid bilayer
patch, associated with a phase transition that occurred in the bilayer. This observation is
consistent with a previous report demonstrating that changes in the observed height of a
bilayer measured by TMAFM in solution can be directly related to changes in the
material properties of a lipid bilayer [16]. Unfortunately, there is not a straightforward
method to determine the uncompressed height of the bilayer at each temperature, which is
required to determine the degree of cantilever indentation into the lipid bilayer patch.
As the temperature of the system was increased from 28oC to 37oC, the shape of
the bilayer patch changed considerably (Fig. 1), indicating that the bilayer was quite fluid
as expected from the literature [16, 32]. This effect could have been caused by several
factors. First, large, continuous areas of supported lipid bilayers (on the order of 50 by 50
µm or larger) are typically formed by continually scanning an AFM tip across the
substrate [14], where the force exerted by the probe pushes the lipid vesicles to the
surface, flattening their structure, and promoting vesicle fusion [33]. This experiment,
however, was performed at low vesicle concentration to prevent the formation of a
continuous bilayer; thus, it is possible that the imaging process actively altered the
morphology of the bilayer, which can be quite malleable. Alternatively, the lipid patch
occupied the largest observable area at 28 °C, and the size of the patch decreased with
increasing temperature. This observation is this is consistent with studies that examined
the area of various PC bilayers as a function of temperature [30], where a condensing
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effect occurred in order to maintain structural integrity as the lateral fluidity of
membranes increased.
To obtain the topographical images at each temperature during the TMAFM
imaging procedure, phase images of the lipid bilayer patches on mica were
simultaneously acquired. The phase signal of the cantilever operated in TMAFM can be
used to gain insight into the mechanical properties of sample surfaces. For this
experiment, the phase images were normalized so that the phase shift associated with
tip/sample tapping events on mica had a value of zero. This allowed for direct
comparisons between phase images taken at different temperatures (Fig. 2). Distinct
contrast was observed between the mica substrate and the bilayer patch at 28 oC, with the
phase shifting 2.1 ± 0.1o on the bilayer with respect to the mica substrate. The phase shift
associated with the bilayer increased in magnitude with a larger distribution of values as

Figure 2. Cantilever phase response to imaging a TBLE bilayer patch supported on mica.
(a) AFM phase images of the same bilayer patch taken at 28, 31, 34, and 37 oC. The
dotted line in the image taken at 34 oC indicates a region of the bilayer undergoing a
phase transition as determined from the topography image shown in Figure 1. The color
bar is applicable to all images. (b) Histograms of all of the phase measurements in the
AFM images presented as a function of temperature. Brighter colors indicate a larger
number of measurements corresponding to a specific phase shift.
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the temperature was raised to 31 and 34 oC (2.5 ± 0.1o and 3.1 ± 0.1o, respectively). At 34
o

C, the region of the bilayer associated with the initial transition to a more fluid state had

a clear phase contrast compared with the rest of the bilayer. Additionally, at lower
temperatures, the phase shift associated with the bilayer was always positive, but the
phase shift associated with the bilayer at 37 oC was negative (-2.3 ± 0.1o) with respect to
the mica substrate. This inversion of contrast represents one of the ambiguities related to
phase imaging, as the phase contrast between regions of differing elastic modulus are not
always consistently in one direction [34]. Inversion of contrast at higher temperatures
(equal to or greater than 37 oC) was not always observed in separate experiments (Fig. 3);
however, there was always some appreciable change (on the order of 1-3 degrees) in
phase contrast when heating the bilayer above its transition temperature. Despite this
ambiguity in phase response as a function of temperature, the phase shifts indicate that
the mechanical properties associated with the bilayer do change with the increase in
temperature. This supports the rationale that the differences in height are due to a
temperature-induced phase transition in the bilayer.
Phase contrast images can provide insight into the material properties of a sample
surface, and are typically associated with tip/sample energy dissipation [2, 35, 36].
Although great progress has been made in the theory underlying phase contrast [37],
interpretation of phase images remains difficult due to a variety of competing sources of

Figure 3. Phase images of TBLE bilayer patches supported on mica from two additional
experiments. These images demonstrate that the phase shift associated with the transition
in the bilayer was inconsistent. That is, in some replicates (a) no contrast inversion was
observed, while (b) contrast inversion was observed in others. Nevertheless, there was
always a shift in the phase associated with phase images above 37oC.
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energy dissipation (i.e., capillary forces [38], viscoelasticity of the sample [39], and cross
talk with topography [40]) associated with tip/sample interactions. Phase contrast is also
highly dependent on imaging parameters, such as free amplitude and set-point ratio [41,
42]. For example, changing the set-point ratio in TMAFM can even lead to contrast
inversion in phase images [34]. Accordingly, using phase imaging to elucidate
mechanical properties of surfaces can be complicated without a priori knowledge of those
properties, and imaging samples in solution can further complicate these issues [41, 43].
In this study, the chosen imaging conditions were optimized for topographical imaging of
the bilayer patch, and not phase contrast imaging. It is possible that imaging conditions
could been slightly modified so that the phase contrast images more accurately and
reproducibly reflected the relative compressibility of the bilayer patch with respect to
mica.
While it would be interesting to correlate changes in phase contrast to the
differing ability of the bilayer to dissipate energy before and after undergoing a transition,
the relationship between phase contrast and tip/sample energy dissipation is based on the
assumption of cantilever dynamics being dominated by a single eigenmode. However,
when operating TMAFM in solution using soft cantilevers (k < 1 N/m) with low quality
factors (Q < 5), the second eigenmode of the cantilever plays a prominent role [44], and
the assumption of a single eigenmode dominating the tip/sample interaction is not met,
making it difficult to directly relate phase contrast to tip/sample dissipation alone [37].
Melcher et al. demonstrated that the phase contrast associated with such soft cantilevers
can arise from either: (i) energy propagation during the tapping event that excites higher
eigenmodes of the cantilever, which is mediated by conservative short-range interactions
such as elastic contact forces between the cantilever tip and sample surface, or (ii)
tip/sample energy dissipation [37]. In this experimental system, which consists of a soft
biological lipid bilayer supported on a comparably stiff mica substrate in a high-ionic
strength buffer, the DLVO forces are highly screened and adhesion hysteresis is
negligible [37, 45, 46]. As a result the observed inversion of contrast in some phase
images of the bilayer on mica at 37 oC compared to images taken at different
temperatures can be attributed to these two sources of phase contrast. At the lower
temperatures, the phase contrast is dominated by the momentary propagation of energy
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from the first to the second eigenmode of the cantilever; whereas, the tip/sample
dissipative interaction dominates at 37 oC. Melcher et al. also point out that phase images
should not be considered maps of elastic modulus, but rather local stiffness [37].

4.3.2 Observation of compositional contrast using higher harmonic imaging
The harmonic motion of the cantilever is distorted during the tapping event due to the
nonlinear interaction between the tip and sample during tapping mode AFM. As a
consequence, higher frequencies that are harmonic to the drive frequency are excited
within the cantilever [44]. As a result, compositional contrast can be achieved by
monitoring harmonic frequencies, and higher harmonic imaging has been used to observe
subtle surface features that are difficult to distinguish by ordinary tapping mode AFM
experiments [3]. Higher harmonic imaging is especially useful for imaging in solution, as
the large distortion of cantilever motion associated with imaging in liquid leads to a
larger excitation of higher harmonics [6].
In this study, AFM images based on the response of specific higher harmonic
frequencies were obtained by capturing the entire cantilever deflection trajectory while
imaging by TMAFM. Using a sliding window Fourier transform, the cantilever response
at specific harmonic frequencies was then obtained and reshaped into an appropriately
sized matrix corresponding to the AFM image. This allowed the simultaneous generation
of individual harmonic images for many different harmonic signals of the same TBLE
bilayer patch, while raising the temperature from 28-37 °C (Fig. 4-8). The first harmonic
(data not shown) is analogous to the standard amplitude or error images associated with
TMAFM. Although the amplitude response is sensitive to the edges of the bilayer patch
on the mica surface and it provides important information concerning the efficiency of
the feedback loop, it contains little information concerning the mechanical properties of
the surface. However, higher harmonics have been used to map a variety of surfaces
properties [6, 7, 47]. While the results presented here are for one replicate of the
experiment, it should be noted that the relative response of the individual harmonics were
reproducible from experiment to experiment, i.e., the shift of the harmonic response
associated with imaging the bilayer patch at each temperature with respect to the internal
standard in mica was the same. However, it was difficult to reproduce exact experimental
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Figure 4. Images and histograms corresponding to the 2nd harmonic. (a) 2nd harmonic
AFM images of the same TBLE bilayer patch supported on mica taken at 28, 31, 34,
and 37 oC. The dotted line in the image taken at 34 oC indicates a region of the bilayer
undergoing a phase transition as determined from the topography image shown in
Figure 1. The color bar is applicable to all images. (b) Histograms of all of the 2nd
harmonic responses in the AFM images presented as a function of temperature.
Brighter colors indicate a larger number of measurements corresponding to a specific
response of the 2nd harmonic. Measurements corresponding to the mica are indicated
by the bright region near 0.285 nm.
parameters between each replicate, so the magnitude of the observed amplitudes
associated with harmonic in the different replicates varied up to about 10-20%. Harmonic
responses above the first provided contrast between the supported bilayer and mica
surface as the temperature increased, and a select few will be discussed for illustrative
purposes. For the 2nd harmonic (Fig. 4), contrast between the lipid and the mica in images
obtained at 28-34 oC was quite small, and distinct populations of cantilever response at
this frequency were not apparent in the histograms. At these temperatures, the typical
response of the second harmonic was on the order of 0.28-0.29 nm; however, the 2nd
harmonic showed contrast between the transitioning domain of the bilayer at 34 °C and
the surrounding lipid. Interestingly, after the bilayer went through a phase transition
(image taken at 37 oC), there was clear contrast in the 2nd harmonic image between the
bilayer and mica, where the bilayer was associated with a smaller amplitude response
(0.25 ± 0.03 nm) compared to the lower temperatures. Images based on the 5th harmonic
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Figure 5. Images and histograms corresponding to the 5th harmonic. (a) 5th harmonic
AFM images of the same TBLE bilayer patch supported on mica taken at 28, 31, 34,
and 37 oC. The dotted line in the image taken at 34 oC indicates a region of the bilayer
undergoing a phase transition as determined from the topography image shown in
Figure 1. The color bar is applicable to all images. (b) Histograms of all of the 5 th
harmonic responses in the AFM images presented as a function of temperature.
Brighter colors indicate a larger number of measurements corresponding to a specific
response of the 5th harmonic.
(Fig. 5) provided distinct contrast between the bilayer patch and the mica surface, where
the response on the patch always corresponded to a smaller amplitude response. At 28 oC,
the response related to the 5th harmonic was 0.52 ± 0.05 nm, and increased to 0.62 ± 0.08
nm and 0.61 ± 0.07 nm at 31 and 34 oC respectively. However, the 5th harmonic was not
particularly sensitive to the region of the bilayer undergoing transition at 34 oC, which
resulted in minimal contrast. The response of the 5th harmonic associated with the bilayer
shifted to 0.37 ± 0.02 nm at 37 °C, which may be indicative of the phase transition in the
bilayer. The response of the 5th harmonic was always consistent with the softer bilayer
regions being associated with a lower amplitude response compared to the mica, and the
magnitude of the response was approximately doubled compared to the 2nd harmonic.
Imaging on the 6th harmonic (Fig. 6) resulted in negligible contrast from 28-34 oC, as
only the edges of the bilayer patch were distinguishable from the mica; however, there
was stark contrast between the bilayer and mica at 37 oC associated with the 6th harmonic
Temperature-induced changes in membrane mechanics

83

Figure 6. Images and histograms corresponding to the 6th harmonic. (a) 6th harmonic
AFM images of the same TBLE bilayer patch supported on mica taken at 28, 31, 34, and
37 oC. The dotted line in the image taken at 34 oC indicates a region of the bilayer
undergoing a phase transition as determined from the topography image shown in Figure
1. The color bar is applicable to all images. (b) Histograms of all of the 6 th harmonic
responses in the AFM images presented as a function of temperature. Brighter colors
indicate a larger number of measurements corresponding to a specific response of the 6 th
harmonic.
The magnitude of the 6th harmonic was also reduced to less than 0.26 nm. Images based
on the response of the 7th harmonic (Fig. 7) provided distinct contrast between the bilayer
and mica at all temperatures. Unlike other harmonic images previously discussed, the
amplitude response of the 7th harmonic was larger for the bilayer compared to mica at 2834 oC. However, the amplitude response of the 7th harmonic associated with the bilayer
shifted below that of mica at 37 oC, resulting in an inversion of contrast in the 7th
harmonic images as the temperature was raised. Images were also produced for higher
harmonics (for example the 10th and 15th harmonics shown in Fig. 8) with varying
patterns of contrast as a function of temperature, but the magnitude of the response
became quite small (< 0.15 and 0.03 nm, respectively). Furthermore, the pattern of
cantilever response as a function of temperature was very similar for harmonics ranging
from the 12 to the 22nd harmonic (data not shown).
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Figure 7. Images and histograms corresponding to the 7th harmonic. (a) 7th harmonic
AFM images of the same TBLE bilayer patch supported on mica taken at 28, 31, 34, and
37 oC. The dotted line in the image taken at 34 oC indicates a region of the bilayer
undergoing a phase transition as determined from the topography image shown in Figure
1. The color bar is applicable to all images. (b) Histograms of all of the 7 th harmonic
responses in the AFM images presented as a function of temperature. Brighter colors
indicate a larger number of measurements corresponding to a specific response of the 7th
harmonic. Measurements corresponding to the mica substrate are indicated by the bright
region near 0.16 nm.
Collectively, obtained images demonstrate that higher harmonics can provide
compositional contrast to varying degrees. However, unambiguous interpretation of the
contrast afforded by higher harmonics is difficult. While the 2nd harmonic has been used
to obtain compositional contrast of soft biological samples imaged in solution [6], it has
been found that harmonics near the second eigenmode of the cantilever give larger
responses and better contrast [7]. During the tapping event, the second eigenmode is
momentarily excited, and this temporarily excites higher harmonics near this natural
frequency, and these harmonics have been shown to be highly sensitive to local
mechanical properties of the surface [7]. For the cantilever used in this study, the natural
frequency of the second eigenmode was nearest to the 5th harmonic, resulting in the larger
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Figure 8. Images and histograms corresponding to the 10th and 15th harmonics. (a) 10th
and (c) 15th harmonic AFM images of the same TBLE bilayer patch supported on mica
taken at 28, 31, 34, and 37 oC. The dotted line in the image taken at 34 oC indicates a
region of the bilayer undergoing a phase transition as determined from the topography
image shown in Figure 1. The color bar is applicable to all images. Histograms of all of
the (b) 10th and (d) 15th harmonic responses in the AFM images presented as a function of
temperature. Brighter colors indicate a larger number of measurements corresponding to a
specific response of the harmonic.
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response associated with this harmonic. The higher sensitivity induced by proximity to
the second eigenmode explains why the 5th harmonic response closely tracks the known
temperature-induced changes in the lipid bilayer patch. Similar to origins of phase
contrast with very soft and highly damped cantilevers [37], the contrast of the 5th
harmonic is most likely derived from local elastic stiffness of the sample. In general,
however, a single harmonic only provides partial information concerning the tip/sample
interaction, but methods, such as force reconstruction, that combine the information
stored in each individual harmonic may afford a more complete picture of the mechanical
properties of samples.

4.3.3 Maximum tapping forces reflect temperature-induced mechanical changes in
the bilayer
Multiple numerical models and experiments have demonstrated that the maximum force
(Fmax), defined as the largest positive force experienced between the tip and surface
during the tapping event, increases with increasing elastic modulus of the sample [16, 48,
49]. While this dependence is nonlinear and resembles a power law [49], it can be used to
obtain contrast within an image based on relative elastic modulus [14, 50-52]. Although
the magnitude of the tapping force is influenced by imaging parameters, the relative value
of Fmax on the elastic modulus of the surface appears to be maintained. For example,
increasing the spring constant of the cantilever results in a larger magnitude of imaging
force, but the power law dependence of Fmax with the elastic modulus is preserved [53,
54]. Additionally, the relative magnitude of Fmax is also preserved with changes in the setpoint ratio and cantilever free amplitude [16, 27]. To evaluate the ability of Fmax images
to detect temperature-induced mechanical changes in lipid bilayers associated with a
phase transition, SPAM was used to convert the cantilever deflection signal into timeresolved tip/sample forces. The value of Fmax associated with every tapping event was
used to construct force images of the bilayer patch supported on mica at different
temperatures (Fig. 9). As stated earlier, the mica surface was used as an internal reference
point to compare Fmax values at different temperatures. With this in mind, the relative
magnitudes of Fmax associated with imaging the bilayer patch with respect to the mica
surface was reproduced from replicate to replicate (i.e., the magnitude of Fmax associated
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with imaging the bilayer patch was always smaller compared to the internal reference of
mica, and there was always a pronounced shift to smaller values of Fmax associated with
imaging the bilayer after the temperature-induced phase transition).
At all temperatures, the Fmax associated with the lipid bilayer was always smaller
than the Fmax associated with the bare mica substrate, as would be expected based on the
relative rigidities of the surfaces (this effect was demonstrated in simulations and
experiments of Chapters 2 and 3, respectively) [16]. From 28-34 °C, a slight increase in
Fmax (12.4 ± 0.2 nN to 16.9 ± 0.2 nN), which indicated an initial increase in bilayer
rigidity with rising temperatures, was observed. This result is consistent with the
observed increase in bilayer height and the notion that increasing temperature raises
lateral fluidity within bilayers, as previous studies suggested that higher fluidity

Figure 9. Maximum tapping forces (Fmax) associated with imaging a TBLE bilayer patch
supported on mica. (a) Fmax AFM images obtained from SPAM of the same bilayer patch
taken at 28, 31, 34, and 37 oC. The dotted line in the image taken at 34 oC indicates a
region of the bilayer undergoing a phase transition as determined from the topography
image shown in Figure 1. The color bar is applicable to all images. (b) Histograms of all
of the Fmax measurements in the AFM images presented as a function of temperature.
Brighter colors indicate a larger number of measurements corresponding to a specific
Fmax. Measurements corresponding to the mica substrate are indicated by the bright
region near 28 nN.
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corresponds with increased vertical rigidity in bilayers [16, 32]. At 34 °C, faint contrast
was observed for the region of the bilayer that began to transition to a more fluid phase,
and this region appeared to be slightly more rigid (higher Fmax). Once the bilayer had
undergone the apparent phase transition at 37 °C, Fmax significantly declined (5.7 ± 0.1
nN). The decline of Fmax at this higher temperature corresponds with the previously noted
decrease in height, supporting the rationale that the bilayer's phase transition resulted in a
significantly lower elastic modulus. This decreased rigidity of the bilayer caused the
cantilever tip to push deeper into the bilayer surface, thereby compressing the bilayer and
resulting in a smaller measured height, consistent with numerical simulations [16].
Importantly, the relative values of Fmax were always predictable and in accordance with
the known rigidities of the bilayer and mica substrate.

4.4 Conclusions
TMAFM is widely used to obtain images with nanoscale spatial resolution of soft
samples in liquid, but there has been considerable interest in developing TMAFM-based
methods that simultaneously provide compositional contrast and mechanical information.
Here, we demonstrated the relative ability of phase, higher harmonics, and force
reconstruction (SPAM) imaging to detect changes in the elastic modulus of a lipid bilayer
patch supported on mica caused by a temperature-induced phase transition. We made
direct comparisons between these imaging techniques by simultaneously acquiring the
different data sets, ensuring that all images were acquired under the same experimental
conditions. Using a priori knowledge concerning the sample and height images, we
determined which imaging techniques were able to unambiguously reflect the
temperature-induced mechanical change in the bilayer. The key mechanical change
observed in the supported lipid bilayer was due to a phase transition induced between 3437 oC, which resulted in a highly compressible bilayer as confirmed by topographic
images.
While all of the techniques were able to provide compositional contrast associated
with this phase transition, interpretation of this contrast was not always straightforward.
Phase imaging suffered from contrast inversion between the known hard and soft regions
of the surface in some replicates if the experiment. While a widely used technique for
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mapping mechanical differences on a surface, phase imaging suffers from the high
dependence on the phase response to imaging parameters. Individual harmonic images
exhibited a variety of response patterns at the different temperatures, with the largest
cantilever response being associated with harmonic frequencies near an eigenmode of the
cantilever, which for this particular experiment was the 5th harmonic. The response of the
5th harmonic, of all of the monitored harmonic frequencies, most accurately reflected the
known temperature-induced change in bilayer mechanics, suggesting that harmonics near
an eigenmode are particularly sensitive to changes in local surface properties. Force
reconstruction was accomplished using SPAM, and changes in the Fmax (or largest
positive force between the tip and the sample) associated with imaging the bilayer
correctly reflected the changes in elastic modulus of the lipid bilayer and was able to
contrast subtle mechanical changes within the bilayer. This study was aided by the
incorporation of an internal standard (exposed mica) so that relative changes in the
response of these different imaging modes could be evaluated. Importantly, as the
required data can be obtained simultaneously, combining these different imaging
techniques can aid in ascertaining a more complete understanding of a sample's
mechanical features.
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5. Microtubule modification influences the cellular response to amyloid-β1-42
aggregates
During the normal aging process, cytoskeletal changes such as a reduction in density or
disruption of cytoskeletal components occur that can affect proper neuronal functioning.
Considering that aging is the biggest risk factor for Alzheimer's disease (AD), this study
sought to determine how microtubule (MT) modifications influence the cellular response
to amyloid- β1-42 (Aβ1-42), a toxic peptide implicated in development of AD. First it was
necessary to obtain populations of hypothalamic GT1-7 neurons with a variety of MT
states. Specifically, neuronal MTs were modified by common disrupting or stabilizing
drugs, and then the physical and mechanical properties of the modified neurons were
determined. The MT modified neurons were then exposed to Aβ1-42 and the ability of the
neurons to cope with the exposure to the toxic aggregates was determined by a variety of
biochemical assays. Flow cytometry studies indicated that MT disruption reduced the
ability of the aggregates to bind to the plasma membrane by 45% per cell compared to
neurons with stabilized or unaltered MTs; however, populations of neurons with
disrupted MTs experienced over 3 times the amount of cytotoxicity induced by Aβ1-42
aggregates. On the contrary, MT stabilization delayed toxicity caused by Aβ 1-42
aggregates. These results demonstrate that MT modifications significantly influence the
ability of neurons to cope with toxicity induced by Aβ1-42 aggregates.

5.1 Introduction
The cytoskeleton plays a critical role in the complex morphology of neurons, intra- and
intercellular signaling, and organelle transport [1]. In neurons, there are three major
cytoskeletal components, neurofilaments, actin, and microtubules [2]. Neurofilaments
(NFs) are found within the axon and dendrites, where they provide structural support, aid
in axonal transport, and regulate axon diameter [3, 4]. The inner plasma membrane of
neurons is lined with short fragments of filamentous actin (F-actin), while the dendrites
and synaptic terminals are rich in F-actin bundles and lattices [1]. Lastly, microtubules
(MTs) span the length of the axon and protrude into the base of dendrites, where they
provide structural support, and function as tracks for organelle transport [5]. Importantly,
each of these cytoskeletal components experience dysfunction with aging that can alter
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cellular functioning [2, 6-12], but this chapter will focus on the microtubule component
of the cytoskeleton.
There are many examples of age-related microtubule modifications throughout
the body, and a select few will be described here for illustrative purposes. In the organ of
Corti, the isoform levels of tubulin changed with age, and there was a decrease in the
number and length of microtubules [13]. These changes alter cellular mechanical
properties, leading to a reduction in the conduction of sound-induced vibrations that are
associated with hearing [13]. In fibroblasts, reorganization of the MT network occurred
with aging, which has implications for cell division [6, 14, 15]. Additionally, a reduction
in density of the microtubule lattice was observed in aged mouse muscle fibers [16]. This
reduction could alter nuclear shape and distribution in muscle cells, leading to decreased
cellular functioning or even apoptosis [16]. These findings demonstrate that age-induced
MT modifications vary depending on the type of cell.
In neurons, exposure to the lipid peroxidation product 4-hydroxy-2(E)-nonenal
(HNE, a common product of age-related oxidative stress) caused extensive MT
disruption, and HNE adduction with tubulin prevented polymerization [17]. In human
studies, tissue biopsied from cognitively healthy adults showed an age-dependent
decrease in the microtubule density of pyramidal neurons [18]. Together, these findings
demonstrate that neuronal MTs are critically affected during aging. This may have
implications for the development of Alzheimer's disease (AD), as AD brains display a
significant reduction in pyramidal neuron density [19]. MT modification is associated
with mitochondrial abnormalities [20, 21], and reduced axonal transport resulting from
MT disruption could also contribute to the loss of synaptic connectivity between neurons
that causes cognitive impairments in AD [18, 22]. Considering that aging is the major
risk factor for AD [23], it would be beneficial to gain a more complete understanding of
how age-related MT modifications in neurons contribute to the disease.
Two pathological hallmarks of AD are extracellular plaques of amyloid-β (Aβ)
and intraneuronal neurofibrillary tangles (NFTs) containing the hyperphosphorylated
microtubule-associated protein Tau (Tau) [24]. Aβ is a 38-43 amino acid long residue
that is produced from sequential cleavages of the amyloid precursor protein (APP) [25],
but Aβ1-40 and Aβ1-42 are the most abundant forms of the peptide. Several findings
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support the notion that Aβ1-42 is the more pathological form of the peptide: Aβ1-42 forms
aggregates more rapidly than Aβ1-40 [26, 27], Aβ1-42 is the predominate species found in
plaques [28, 29], Aβ1-40 can slow or inhibit Aβ1-42 from aggregating [30-32], an increased
ratio of Aβ1-42:Aβ1-40 produced toxic effects in vitro and in vivo [33-35], and Aβ1-42 itself
was associated with greater neurotoxic effects compared to Aβ1-40 in mice [36].
Importantly, these findings demonstrate that Aβ aggregates themselves are toxic, but their
presence is also thought to trigger a cascade of events leading to the formation of NFTs
[25, 37, 38], which ultimately causes the deterioration of the neuronal processes and cell
death [39-44].
In the brains of AD individuals, age-related neuronal modifications are amplified
in selectively vulnerable regions of the brain, such as the hippocampus and closely
related limbic and cortical structures [23, 45, 46]. These changes can contribute to the
increased production or decreased clearance of Aβ, resulting in Aβ-induced neurotoxicity
[23]. Specifically, impaired axonal transport, a consequence of age-related MT
disruption, has been shown to stimulate the production and accumulation of Aβ [47].
Therefore, although it is well known that Aβ has downstream effects on Tau and
subsequently MT stability, age-related MT disruption may actually be a causative factor
in AD. Due to the relationship between aging, Aβ, and AD, we sought to determine how
microtubule modifications influence the cellular response to toxicity caused by
aggregates of Aβ1-42. To accomplish this goal, GT1-7 neurons were treated with a variety
of MT stabilizing or destabilizing agents, and the toxic ability of Aβ1-42 aggregates was
examined. This work provides more complete understanding of how MT modification,
which is a common feature of the natural aging process, may contribute to the
development of AD.

5.2 Methodology
5.2.1 Neuronal culture
GT1-7 hypothalamic neurons were grown in DMEM medium supplemented with 4.5 g/L
glucose, 110 mg/L sodium pyruvate, 1% penicillin-streptomycin (stabilized with 10,000
units penicillin and 10 mg streptomycin/mL), 2 g/L sodium bicarbonate, 584 mg/L Lglutamine (Sigma-Aldrich, St. Louis, MO), 5 mM HEPES (Fisher BioReagents,
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Waltham, MA) and 10% HyClone® fetal bovine serum (Thermo Scientific, Waltham,
MA).[48-52] Cultures were maintained at 37 °C and 5% CO2. For all cell-based
experiments, serum concentration was reduced to 5%.
5.2.2 Microtubule treatments and Aβ1-42 preparation
Nocodazole, colchicine, and paclitaxel (Fisher Scientific) were dissolved in dimethyl
sulfoxide (DMSO, Fisher Scientific) and further diluted in the appropriate buffer or
medium to a final concentration of 0.1-10 µM. Neurons were exposed to a microtubule
(MT) treatment for 4 hours prior to Aβ exposure to ensure cytoskeletal modification. Aβ
peptides (Aβ1-42 and FAM-labeled Aβ1-42) were purchased from AnaSpec Inc., Fremont,
CA. Lyophilized peptides were stored at -20 °C and allowed to equilibrate to room
temperature for 30 minutes before resuspension in 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP, Fisher Scientific) to 1 mM. The peptide solution was sonicated for 10 minutes at
room temperature and aliquoted into microcentrifuge tubes. The solution was dried and
the peptide films were stored at -20 °C until use. Directly before use, HFIP-treated
peptide films were dissolved in DMSO by pipette mixing, vortexing, and sonication for
10 minutes at 37 °C.[53] Peptide solutions were then diluted into the appropriate buffer
or medium to a final concentration of 5 µM. DMSO exposure never exceeded 1%.

5.2.3 Fluorescence microscopy
Tubulin visualization
After attachment, the medium was replaced with fresh medium containing CellLight®
Tubulin-RFP BacMam 2.0 (Molecular Probes) at a concentration of 30 particles per cell.
Neurons were incubated with the RFP for 48 hours, then were then exposed to treatments
as earlier described. Cells were rinsed remove any unbound peptide, then cells were fixed
with 0.3% glutaraldehyde in a BRB80 buffer. BRB80 buffer was prepared with 80 mM
PIPES (1,4-piperazinediethanesulfonic acid) at pH 6.9, 1 mM EGTA (ethyleneglycol
bis(aminoethylether) tetraacetic acid) and 1 mM magnesium chloride (Fisher
BioReagents). Coverslips were treated with sodium borohydride to reduced unwanted
autofluorescence, and slides were prepared as described above.
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Aβ1-42 membrane binding
Neurons were seeded on 22 mm poly-D-lysine coated glass coverslips and allowed to
adhere overnight. After attachment, neurons were treated with a MT-altering drug or
vehicle for 4 hours and then exposed to FAM-Aβ for 30 minutes. Cells were rinsed and
incubated with CellLight® Deep Red Plasma Membrane stain for 10 minutes at 37°C.
Fixation was performed with paraformaldehyde under nonpermeabilizing conditions and
coverslips were mounted onto glass slides with ProLong® Gold antifade reagent
containing DAPI (Molecular Probes). Slides were allowed to cure for 24 hours in the
dark before imaging (Leica Microsystems, Buffalo Grove, IL).

5.2.4 Cellular mechanical evaluation via AFM
Cells were seeded on poly-D-lysine coated glass coverslips and allowed to incubate
overnight. Neurons were treated with a MT-altering drug or vehicle for 4 hours and then
exposed to Aβ for 30 minutes. Cells were washed and fixed in a glutaraldehyde solution
[54]. Coverslips were mounted onto the AFM stage and imaged in buffer with a
Nanoscope V MultiMode scanning probe microscope (Veeco, Santa Barbara, CA)
equipped with a closed-loop vertical engage J-scanner. Experiments were conducted in
contact and force volume imaging modes. All images were acquired using a VISTAprobe
contact mode short cantilever (Nanoscience Instruments, Inc., Phoenix, AZ), where the
tip radius was 10 nm and the spring constant was calculated via the thermal tuning
method prior to each experiment [48, 55]. Scan speed for topography images was 0.5 Hz
with a pixel resolution of 512 x 512. Force volume images were acquired at 10 Hz, with a
resolution of 128 x 128 curves and given these parameters, it took approximately 1 hour
to obtain a force map. Young's modulus (E) was evaluated using NanoScope Analysis
software v1.5 (Bruker, Santa Barbara, CA). A Hertz model was applied to determine E,
where Poisson's ratio was ν = 0.5 [49, 54]. A minimum of 9 cells were evaluated for each
sample. E values were extracted from both the nuclear region and the cellular projections.
Histograms were produced in MATLAB (Math Works Inc., Natick, MA) and values are
given as mean ± standard deviation. Statistical significance was analyzed using an
unpaired t-test, where a difference at p < 0.05 was considered statistically significant.
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5.2.5 Assessment of Aβ1-42 aggregation state
To determine the Aβ aggregate morphology, Aβ was prepared as described above and
diluted in PBS to 5 µM. The solution was spotted onto freshly cleaved mica after 0, 24,
and 48 hours of incubation at 37 °C. Mica was rinsed with ultrapure water and
immediately dried under a gentle stream of nitrogen. Ex situ images were acquired via
tapping mode AFM with a VISTAprobe silicon cantilever with a nominal spring constant
of 40 N/m and a resonance frequency of ~300 kHz. AFM image analysis was performed
using the image processing toolbox of Matlab, as previously described [56]. The images
were imported into Matlab and flattened to correct for background curvature. Using a
height threshold, a binary map of the surface was created to locate individual aggregates
and by implementing pattern recognition algorithms to the binary map, aggregate features
were measured (height, volume, etc.).
The absence of fibrillar aggregates was confirmed using a SensoLyte® Thioflavin
T (ThT) Aβ aggregation kit (Anaspec, Fremont, CA). 5 µM Aβ was prepared as earlier
described and added to an untreated 96 well plate containing a ThT solution. Pretreated
Aβ from the supplier was prepared as recommended and used as a control. The
fluorescence intensity was monitored via an Infinite M1000 Pro microplate reader (Tecan
US, Raleigh, NC) at Ex/Em of 440/484 nm every 10 minutes over 48 hours at 37 °C with
no shaking to mimic the conditions of the plasma membrane degradation and MTT
reduction assays.

5.2.6 Flow cytometry
Neurons were seeded in 6-well plates and allowed to incubate overnight. A 4 hour MT or
vehicle treatment was followed by an 80 minute exposure to FAM-Aβ.[57, 58] Samples
were thoroughly washed to remove any unbound peptide and they were lifted from the
surface using a 0.25% trypsin solution. Neurons were then rinsed and resuspended in cold
sorting buffer (1x D-PBS, 25 mM HEPES at pH 7.0, 2.5 mM EDTA, and 1% bovine
serum albumin). The fluorescence intensity per cell was assessed with a BD
FACSCalibur cytometer and BD FACSDiva v8.0 software (BD Biosciences, Franklin
Lakes, NJ).
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5.2.7 Plasma membrane degradation assay
Neurons were seeded at 10,000 cells/100 µL medium on a tissue culture-treated 96-well
plate and allowed to incubate for 24 hours. Cells received a MT modifying pretreatment,
followed by an Aβ exposure for an additional 24 or 48 hours. Ethidium homodimer-1
(EthD-1, Molecular Probes, Grand Island, NY) was used to evaluate plasma membrane
degradation according to the manufacturer's protocol. EthD-1 enters neurons with
compromised membranes to produce a bright red fluorescence upon binding to nucleic
acids. As a control, a group of vehicle-treated cells received a treatment with 70%
methanol 30 minutes prior to EthD-1 exposure. A 6 µM stock of EthD-1 was prepared in
Dulbecco's phosphate buffered saline (D-PBS, Fisher Scientific) and 100 µL was added
to each well for a final concentration of 3 µM. The samples were incubated for 45
minutes at room temperature and the fluorescence intensity was measured at Ex/Em of
495/635 nm. All assay measurements were performed at least in triplicate.

5.2.8 MTT reduction assay
Samples were prepared exactly as described for the cytotoxicity assay and MTT
reduction was evaluated via the MTT assay kit (Abnova, Walnut, CA). The MTT assay
involves the conversion of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) to insoluble formazan crystals. The tetrazolium salt MTT reduction is
dependent on reducing agents, NADH and NADPH, produced by metabolically active
cells. MTT reagent was added to each well according to the manufacturer's protocol and
the samples were incubated for 4 hours at 37 °C. The crystals were solubilized by adding
100 µL of the provided buffer solution to each well with gentle shaking for 1 hour at
room temperature. The absorbance was measured at 570 nm.

5.2.9 Statistical analysis
Plasma membrane degradation and MTT reduction was analyzed using GraphPad Prism
v5 software (GraphPad Software Inc., La Jolla, CA). Statistical significance was
determined using a one-way analysis of variance (ANOVA) with Turkey's multiple
comparison test. Differences at p < 0.05 were considered statistically significant. All
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assay data is plotted as a ratio of value/baseline (vehicle control) where error bars reflect
standard error of the mean.

5.3 Results
5.3.1 Microtubule modification alters the physical and mechanical properties of
neurons
To determine how the MT network influences the ability of Aβ1-42 aggregates to cause
toxicity, it was first necessary to induce MT modification by common disrupting or
stabilizing treatments, and then verify that cellular changes had occurred to validate the
model system. Hypothalamic GT1-7 neurons were treated with a MT disruptor
(colchicine or nocodazole), or stabilizer (paclitaxel) for four hours at 0.1, 1.0, and 10.0
µM. Both colchicine and nocodazole cause MT depolymerization at high concentrations
[59], while paclitaxel mechanically stabilizes MTs by binding to β-tubulin [60]. After
four hours of treatment, the physical and mechanical properties of the neurons were
examined. Neurons with chemically disrupted MTs displayed morphological changes,
specifically in the neurites (Fig. 1a-b). This observation is in agreement with other studies
that reported MT disruption induced morphological alterations in the periphery of PC-12
and endothelial cells [61-63].
To determine the mechanical impact of MT modification, the Young's modulus
(E, a measure of stiffness) of individual neurons was mapped by AFM-based force
volume imaging (Fig. 2a). After four hours of treatment with an MT-modifier, neurons
were fixed with glutaraldehyde to effectively preserve cell surface features [64]. Fixation
was necessary due to instrumental limitations, i.e., the length of time required to produce
a force map, but it is common practice for AFM-based cellular experiments, as it
improves image resolution and consistency in mechanical measurements [54, 65-72].
Fixation is known to increase cellular stiffness [54, 69]; therefore, these studies reflect
the relative changes in E. That is, the values of E reported in this study are not
biologically accurate, but fixation allows for fair comparisons of stiffness across samples
whereas the properties of living cells may change during the mapping. Relative values of
E were determined by extracting individual force- distance curves from the mechanical
surface maps. Curves were selected from two neuronal regions, the soma and the
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Figure 1. Morphological changes of GT1-7 neurons treated with MT modifiers. Neurons
were exposed to the vehicle, a MT-depolymerizers (colchicine and nocodazole), or a MTstabilizer (paclitaxel) for 4 hours. (a) Phase contrast microscopy images reveal
morphological differences in live neurons with the various treatments. (b) Tubulin
distribution (orange) and nuclear staining (blue) of fixed neurons.
processes, to produce E histograms for each sample (Fig. 2b-c). Histograms represent E
data extracted from a minimum of 9 neurons for each treatment. Treatment with 10 µM
colchicine for four hours significantly decreased E in the somatic region by 31% (Fig.
2b). Literature reports on the mechanical effect of colchicine are conflicting. For
instance, neutrophils treated with similar concentrations of colchicine experienced
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significant stiffening [73]. In NRK fibroblasts, however, no mechanical alteration or
change in stress fibers was observed after treatment with 100 µM colchicine [74].
Furthermore, vascular smooth muscle cells exhibited a significant decrease in cell
stiffness when treated with colchicine [75]. Thus, the influence of colchicine on cellular
mechanics is highly dependent on cell type, the state of cell division, and even on the
region of the cell. Unlike the somatic region, after colchicine treatment the rigidity of the
neuronal processes was not significantly different than that of the vehicle-treated control
(1.8% difference). The effect of softening in the somatic region while retaining stiffness

Figure 2. Measuring the Young's modulus of neurons treated with MT modifiers. (a)
Examples of Young's modulus (E) maps obtained by force volume imaging. Histograms
of the average value of E were constructed by extracting values from the (b) soma or (c)
processes of neurons treated with: the vehicle or MT-altering drug (colchicine,
nocodazole, paclitaxel) for 4 hours. Measurements represent the mean E ± standard
deviation.
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in the neurites can be related to previous studies on fibroblasts. When aged hamster
fibroblasts were treated with a microtubule disruptor, centrifugal depolymerization
occurred and MT remnants were found in the cortical areas [14]. The reasoning for this
effect is unknown and could be attributed to several factors (aging may disrupt the
centrosome, reverse the polarity of MTs, alter the stability of the anchorage to the
membrane, etc.) [14]. Given this information, it seems as though colchicine prevents
polymerization in the processes, while dissociation occurs at the minus end of MTs, near
the centrosome.
Unlike colchicine, when cells were treated with 10 µM nocodazole, the stiffness
of the soma and processes increased by 39% and 50%, respectively, as compared to the
vehicle-treated control (Fig. 2b-c). Our findings are in agreement with findings from
similar studies on L929 fibroblast-like where an increase in cellular stiffness was
observed after treatment with nocodazole [76]. This was attributed to the reorganization
of the cytoskeletal network after MT depolymerization. Cytoskeletal reorganization after
injury was observed in Swiss 3T3 cells; when cells were treated with MT disruptors,
actin polymerization occurred in a dose- and time-dependent manner [77]. These findings
demonstrate that cell stiffening after nocodazole-induced MT disruption is a consequence
of actin polymerization. The discrepancy in mechanical changes between colchicine and
nocodazole treated neurons may arise from the binding mechanisms to tubulin. Although
nocodazole binds tubulin more rapidly than colchicine, colchicine binding is irreversible
[78], which may explain the variation in cellular stiffness between the two treatments.
When neurons were treated with 10 µM paclitaxel, rigidity increased by 101%
and 89% in the somatic region and the processes, respectively, compared to the vehicletreated control sample (Fig. 2b-c). Our results are consistent with a similar study, where
stiffening occurred in cortical neurons were exposed to 10 µM paclitaxel [79]. Although
other studies have demonstrated that MT-disruption may produce an increase in cellular
stiffness by activating a secondary response of actin polymerization, paclitaxel-mediated
MT stabilization was not reported to stimulate actin production [77, 80]. Therefore, the
increase in cellular stiffness is likely due to the mechanical stabilization of the MT
network. Taken together, these studies confirmed that a four hour exposure to MT
modifiers altered the morphology and the mechanical stiffness of neurons.
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5.3.2 Microtubule disruption reduces the ability of Aβ1-42 to bind to the cell
membrane
Before investigating how MT modification influences Aβ1-42-induced cytotoxicity, it was
first necessary to characterize the type of peptide aggregates used in the study.
Knowledge of the peptide aggregation state is critical because the extent of membrane
interaction [81, 82] and the resulting toxicity [83] is dependent on the aggregation state.
A fresh Aβ1-42 solution was prepared from lyophilized peptides using the Stine

Figure 3. Assessment of the Aβ1-42 aggregation state. (a) Oligomeric aggregates were
observed when 5 µM Aβ1-42 was spotted onto freshly cleaved mica and analyzed via ex
situ AFM imaging after 0, 24 or 48 hours of incubation at 37 °C in a physiologically
relevant buffer. (b) The thioflavin t assay was performed to detect the presence of βsheet, a characteristic of fibrils. The red line corresponds to 5 µM Aβ which was prepared
as described in the methods section, and the black line represents 47 µM Aβ1-42 obtained
from the SensoLyte® Aggregation kit and prepared as recommended by the
manufacturer. (c) Fibrillar aggregates were observed when 47 µM Aβ1-42 was imaged via
ex situ AFM after 48 hours of incubation.
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preparation method [53]. The solution was diluted to 5 µM, and the aggregation state of
the peptide was determined by ex situ AFM imaging (Fig. 3a). Aggregates grew in
average height over the 48 hour period from 3.0 ± 1.3 nm to 4.2 ± 1.2 nm. The size of
Aβ1-42 aggregates can vary considerably depending on the preparation method, but this
height is consistent with other measurements of large Aβ1-42 oligomers [84-86]. The
average width of the aggregates increased from 32.3 ± 1.1 nm to 40.4 ± 1.3 nm over 48
hours, which is likely greater than the actual diameter of the aggregates due to the size of
the cantilever tip. These measurements are within a comparable range of other AFMbased findings, considering the experimental variability [84-86]. Elongated fibrillar
aggregates, which can be over 1 µm in length [87], were not observed in any 5 µM
sample image. The absence of fibrils in the 5 µM solution was confirmed by the
Thioflavin T (ThT) fluorescence assay, which is based on the interaction between ThT
and β-sheet secondary structure, a characteristic of amyloid fibrils (Fig. 3b). As a control,
the ThT assay included a solution of 47 µM Aβ1-42 that was guaranteed to aggregate by
the manufacturer, and this solution caused an immediate spike in fluorescence intensity.
The increased fluorescence intensity of the 47 µM solution indicated the presence of
fibrils, which was confirmed by AFM after 48 hours of incubation (Fig. 3c).
It has been demonstrated that cells may exhibit resistance to Aβ-membrane
binding based on specific cellular characteristics, such as the presence of apoptotic
signaling molecules, cell size, stage of the cell cycle, and cytosolic ATP levels [57].
Specifically, when PC-12 cells or GT1-7 neurons were exposed to FITC-Aβ1-42, the cells
could be divided into three distinct subpopulations based on their ability to attract the
peptide (those with no binding affinity, high binding affinity, or extra-high binding
affinity) [57]. Taking this into consideration for our studies, it was then necessary to
determine how the altered neuronal morphology and mechanical stiffness from MT
modification influenced the ability of Aβ1-42 peptides to bind to the cell membrane. Here,
neurons were pretreated with an MT-modifier or a vehicle control (DMSO) for four
hours, and then were exposed to the 5 µM FAM-Aβ1-42 solution for 80 minutes.
Importantly, pretreatments were not removed from the culture medium during the
additional 80 minute incubation to prevent MT recovery. After the 80 minute FAM-Aβ142

exposure, aggregate-membrane binding was evaluated by flow cytometry (Fig. 4a).
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Approximately 0.2% of the vehicletreated control had positive staining,
which may be attributed to the
natural fluorescence of the living
neurons, likely due to flavoproteins
that

have

a

similar

emission

wavelength as FAM-Aβ1-42 (~ 521
nm) [88, 89]. Excluding the vehicletreated control which received no
FAM-Aβ1-42

exposure,

the

vast

majority of the
neurons in each sample population
had membrane bound FAM-Aβ1-42
(Fig.

4a);

however,

aggregate-

membrane binding for the entire
sample population

was

slightly

lower for neurons pretreated with
colchicine (95.2 ± 0.5 %, p < 0.01
to 0.001) and nocodazole (96.5 ±
0.1 %, p < 0.001) than those treated
with the FAM-Aβ1-42 only (98.4 ±
0.1 %). The population of neurons
pretreated

with

paclitaxel

experienced a similar level of
aggregate-membrane binding (98.5
± 0.1 %, p > 0.05) as the FAM-Aβ142

control. This contrasts results

from

the

previously

mentioned

study, and the discrepancy between
the aggregate-membrane binding is

Figure 4. The extent of aggregate-membrane
binding determined by flow cytometry. (a) The
percentage of cells in each population that had
membrane bound Aβ1-42. (b) The amount of
aggregate-membrane binding per cell. Neurons
were treated with a vehicle or various MTaltering drugs (colchicine, nocodazole, paclitaxel)
for 4 hours followed by an 80 minute incubation
with FAM-Aβ (with the exception of the vehicle
control). Cells were extensively rinsed in
physiological buffer to remove any unbound Aβ
before analysis. Measurements were made in
triplicate, with 20,000 events per sample. Marker
(*) represents intensities found to be statistically
different (p < 0.05) from the Aβ control and error
bars represent standard error of the mean (SEM).

likely due to the peptide preparation
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technique, as it has been demonstrated that different aggregate species elicit distinctive
membrane interactions.
Although over 95% of all the cells in each sample population (excluding the
vehicle-treated control) had membrane bound FAM-Aβ1-42, the extent of binding per cell
varied based on the treatment (Fig. 4b). Similar to the results of the previous study
examining whole population binding, the extent of aggregate-membrane binding per cell
for neurons pretreated with paclitaxel was not statistically different than those treated
with FAM-Aβ1-42 only. However, neurons pretreated with colchicine and nocodazole
bound approximately 45% less peptide per cell. This decrease in aggregate-membrane
binding likely occurred due to the compromised state of neurons with MT disruption.

Figure 5. Fluorescence microscopy images of GT1-7 neurons treated with a vehicle
(DMSO), MT-disruptor (nocodazole and colchicine), or a MT-stabilizer (paclitaxel) for 4
hours and FAM-Aβ1-42 for an additional 80 minutes. Plasma membrane (red) and nuclear
staining (blue) was performed after cells were rinsed with physiological buffer to remove
any unbound Aβ.
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Although the neurites of the MT disrupted cells displayed morphological changes (Fig.
1), the reduction in binding was not a consequence of changes in the available
membrane-binding area after MT modification. The area which the neurons occupied on
the coverslip was examined by fluorescence microscopy, and there was no statistical
difference between the treatment groups for the average area of each sample population.
To further examine the binding ability of the Aβ1-42 aggregates after MT
modification, fluorescence microscopy revealed that neurons pretreated with MTdisruptors bound FAM-Aβ1-42 aggregates predominantly in the somatic region of the cell
(Fig. 5). It is important to note that FAM-Aβ1-42 had a punctate appearance in some of the
fluorescence microscopy images (Fig. 5), and the punctate tightly adhered to the glass
surface, as they could not be removed by extensive washing. The punctate appeared to be
much larger than the aggregates observed by ex situ AFM studies. A plausible
explanation for the size discrepancy is that the FAM-Aβ1-42 aggregated more rapidly in
the cell culture conditions than in the physiologically relevant buffers used for the ex situ
AFM and ThT studies. Alternatively, the poly-D-lysine coated coverslips that the cells
were cultured on for the fluorescence microscopy studies may have enhanced
aggregation, as surfaces have been shown to influence the aggregation kinetics of Aβ [86,
90-92].
5.3.3 Exposure to Aβ1-42 alters neuronal rigidity
Numerous studies have demonstrated that Aβ causes membrane disruption, which can
lead to structural and functional cellular changes [93-99]. With this in mind, surface maps
of E were produced by force volume imaging to determine how Aβ1-42 aggregatemembrane binding contributes to the mechanical disruption of neurons. Neurons were
pretreated with a
MT modifier or
the

vehicle

(DMSO) for four
hours,

and

then

exposed to Aβ1-42
aggregates for an

Sample/Region
Control
Colchicine
Nocodazole
Paclitaxel

Soma (% change)
142
143
69
88

Processes (% change)
154
29
19
77

Table 1. Percentage difference in Young's modulus (E) after
exposure to Aβ1-42 aggregates for 30 minutes. Changes were
calculated for both the soma and neuronal processes. E increased
significantly after treatment, with p < 0.001.
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additional 30 minutes. Similar to the previously described flow cytometry and
fluorescence microscopy experiments, during the incubation period with the peptide
solution, the MT modifiers were not removed from the culture medium to prevent MT
recovery. For all sample populations, the E of the soma (Fig. 6b) and processes (Fig. 6c)
significantly increased after Aβ1-42 aggregate exposure, where the percentage change in E
after exposure to Aβ1-42 aggregates in both neuronal regions is given in Table 1, and
directly comparable E values of the soma and processes before exposure to Aβ1-42
oligomers are in Fig. 2b and c, respectively. For example, neurons which were pretreated
with nocodazole and then exposed to Aβ1-42 aggregates were significantly stiffer than the

Figure 6. Measuring the Young's modulus of neurons treated with a MT modifier and
Aβ1-42. (a) Maps of Young's modulus obtained by force volume imaging. Histograms of
the average value of E were constructed by extracting values from the (b) soma or (c)
processes of neurons treated with: the vehicle or MT-altering drug (colchicine,
nocodazole, paclitaxel) for 4 hours followed by a 30 minute exposure to oligomeric Aβ142. Measurements represent the mean E ± standard deviation.
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neurons receiving only a nocodazole treatment. Interestingly, stiffening occurred
regardless of the state of the MT network at the time of exposure. This effect is consistent
with the findings of a similar AFM-based compression study on neurons, where an
increase in cell stiffness was observed after exposure to 5 µM oligomeric Aβ1-42 solutions
for 30 minutes [100].
5.3.4 Microtubule disruption reduces the ability of neurons to cope with an Aβ1-42
exposure
After the appropriate controls were performed to examine physical, mechanical, and
aggregate-membrane binding changes resulting from neuronal MT modification, it was
then possible to examine the influence of MT modification on the cellular response to
Aβ1-42 aggregate exposure. Plasma membrane (PM) degradation and MTT reduction
assays were used for this investigation, as these assays are effective tools for assessing
Aβ-induced toxicity [83, 101-105]. Neurons were pretreated with an MT-disruptor
(colchicine or nocodazole) or the vehicle (DMSO), at concentrations ranging from 0.1 to
10 µM for 4 hours, and then 5 µM Aβ1-42 was added to the culture medium for an
additional 24 to 48 hours. The MT modifiers were not removed from the culture medium
during the Aβ1-42 incubation to prevent MT recovery. As an important note, the amount
PM degradation or MTT reduction for each sample is plotted relative to the control, i.e.,
the total amount of PM degradation or MTT reduction for neurons that received a 28 or
52 hour treatment with the vehicle only (DMSO).
When neurons were exposed to 0.1-10 µM colchicine, there was no statistical
difference in the PM degradation induced by the various colchicine concentrations at
each respective time point (white bars to the left, Fig. 7a). However, when neurons were
pretreated with colchicine at each concentration and then exposed to Aβ1-42 aggregates for
an additional 24 or 48 hours (gray bars in the center), the PM degradation significantly
increased by 126-202% as compared to the neurons that received only a colchicine
treatment for 28 or 52 hours. In some cases, neurons with a coexposure to both colchicine
and Aβ1-42 (gray bars in the center), experienced 30-59% more PM degradation than
samples exposed to Aβ1-42 aggregates alone (black bars to the right). This demonstrates
that MT disruption by colchicine enhances the toxicity of Aβ1-42 aggregates, especially
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Figure 7. Cellular response to Aβ1-42 after colchicine treatment. (a) PM degradation and
(b) MTT reduction was evaluated after neurons were pretreated with the vehicle
(DMSO), or MT-destabilizing drug (colchicine) followed by a 24 or 48 hour exposure to
5 µM Aβ. Bars are plotted as relative to the vehicle control (1.0). White bars represent
neurons treated with colchicine only, gray bars represent treatment with both colchicine
and Aβ1-42, and black bars represent treated with Aβ1-42 only. The concentration of the
drug treatment is shown in the legend of (a). The (*) represents samples found to be
statistically different from neurons only treated with colchicine, and the (+) indicates
samples that are statistically different from the Aβ1-42 exposed control (p < 0.05). Error
bars represent standard error of the mean (SEM).
considering that the neurons with disrupted MTs had only half as much aggregatemembrane binding than the neurons without MT disruption.
There was little difference in MTT reduction of the neurons exposed to 0.1 µM
colchicine, Aβ1-42 aggregates, or coexposure to both agents after 24 hours of treatment
(Fig. 7b). However, exposure to higher concentrations of colchicine (or longer exposures
to 0.1 µM colchicine) with or without the presence of Aβ1-42, the MTT response
significantly decreased by 22-70% compared to neurons that were exposed only to Aβ1-42
aggregates. This supports the findings from the plasma membrane degradation study; MT
disruption by colchicine reduces neuronal viability, and therefore, the neurons are unable
to efficiently cope with even low levels of membrane bound Aβ1-42 aggregates.
Neurons that received a 28 or 52 hour treatment with nocodazole experienced
slight increases in PM degradation as the concentration increased from 0.1-10.0 µM, but
that amount was not statistically different (white bars to the left, Fig. 8a). When neurons
pretreated with nocodazole for four hours were exposed to Aβ1-42 aggregates for an
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Figure 8. Cellular response to Aβ1-42 after nocodazole treatment. (a) PM degradation and
(b) MTT reduction was evaluated after neurons were pretreated with the vehicle
(DMSO), or MT-destabilizing drug (nocodazole), followed by a 24 or 48 hour exposure
to 5 µM Aβ1-42. Bars are plotted as relative to the vehicle control (1.0). White bars
represent neurons treated with nocodazole only, gray bars represent treatment with both
nocodazole and Aβ1-42, and black bars represent neurons treated with Aβ1-42 only. The
concentration of the drug treatment is shown in the legend of (a). The (*) represents
samples found to be statistically different from neurons only treated with nocodazole, and
the (+) indicates samples that are statistically different from the Aβ1-42 exposed control (p
< 0.05). Error bars represent standard error of the mean (SEM).
additional 24 or 48 hours, PM degradation increased significantly by 99-365% for cells
treated with 0.1 and 1.0 µM nocodazole at 24 and 48 hours, as compared to the neurons
receiving only a 0.1 or 1.0 µM nocodazole treatment. The same trend was not observed
when neurons were exposed to 10 µM nocodazole treatments; neurons pretreated with 10
µM nocodazole followed by an exposure to Aβ1-42 aggregates for an additional 24 hours
did not experience a statistically significant increase in PM degradation as compared to
those exposed to 10 µM nocodazole alone. This result is likely due to the fact that 10 µM
nocodazole itself is somewhat more toxic than the lower concentrations of the drug. In
some instances, coexposure to the higher concentrations of nocodazole (1.0 and 10.0 µM)
and Aβ1-42 (gray bar in the center) caused small (7-17%) increases in PM degradation
compared to the neurons that received a vehicle treatment for four hours plus exposure to
Aβ1-42 aggregates for an additional 24 or 48 hours (black bar to the right).

Microtubule modification influences the cellular response to Aβ aggregates

116

Interestingly, the MTT reduction of neurons exposed to nocodazole, Aβ1-42
aggregates, or a combination thereof for 24 hours was essentially analogous (Fig. 8b).
After 48 hours of coexposure to 1.0 µM nocodazole and Aβ1-42 (gray bar in the center), a
45% drop in MTT response was observed, as compared to the neurons treated with Aβ1-42
only (black bars to the right). Considering that neurons pretreated with nocodazole
experienced only half as much aggregate-membrane binding, this indicates that neurons
with disrupted MTs were more susceptible to toxic effects of Aβ1-42 aggregates. After 48
hours, exposure to 10 µM nocodazole alone or a combination of nocodazole and Aβ1-42
aggregates caused 18% and 54% reductions in MTT response, respectively, compared to
neurons treated only with Aβ1-42 indicating that nocodazole itself can cause a large
reduction in MTT response at high concentrations.
Overall, the results from the experiments using nocodazole as a MT disruptor
showed similar trends to those using colchicine; however, the toxic effects were less
severe in the nocodazole treated samples. This could be attributed to the different binding
mechanisms of the MT disruptors to tubulin which produce distinct mechanical
responses, or a reduction in axonal transport and signaling caused by the breakdown of
MTs. In any case, however, the MT disrupted samples treated with Aβ1-42 aggregates
experienced just as much, or in some instances, greater toxicity than neurons treated with
Aβ1-42 alone. This result suggests that MT disruption interferes with the cellular response
mechanisms to Aβ1-42-mediated toxicity. This notion is supported by our data that shows
neurons pretreated with colchicine and nocodazole experienced half the amount of Aβ1-42
aggregate-membrane binding as the neurons that were exposed to the peptide only (Fig.
4b). Therefore, although MT disrupted neurons had lower levels of aggregate-membrane
binding, they were unable to efficiently cope with the toxicity caused by Aβ 1-42 aggregate
exposure.
5.3.5 Microtubule stabilization delays the onset of Aβ1-42-induced toxicity
After observing that MT disruption reduces the ability of neurons to endure Aβ1-42
aggregate exposures, we wanted to determine whether MT stabilization could induce a
protective effect against Aβ1-42 aggregates. Neurons were pretreated with the MT
stabilizer, paclitaxel, or the vehicle (DMSO), at concentrations ranging from 0.1-10 µM
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Figure 9. Cellular response to Aβ1-42 after colchicine treatment. (a) PM degradation and
(b) MTT reduction was evaluated after neurons were pretreated with the vehicle
(DMSO), or MT-stabilizing drug (paclitaxel) followed by a 24 or 48 hour exposure to 5
µM Aβ1-42. Bars are plotted as relative to the vehicle control (1.0). White bars represent
neurons treated with paclitaxel only, gray bars represent treatment with both paclitaxel
and oligomeric Aβ1-42, and black bars represent neurons treated with Aβ1-42 only. The
concentration of the drug treatment is shown in the legend of (a). The (*) represents
samples found to be statistically different from neurons only treated with paclitaxel, and
the (+) indicates samples that are statistically different from the Aβ1-42 exposed control (p
< 0.05). Error bars represent standard error of the mean (SEM).
for 4 hours, and then 5 µM Aβ1-42 was added to the culture medium for an additional 24
to 48 hours. Neurons receiving a 28 or 52 hour treatment with paclitaxel alone did not
experience any statistical difference in PM degradation (white bars to the left, Fig. 9a).
However, when PM degradation significantly increased by 187-333% when neurons were
pretreated with paclitaxel and then exposed to Aβ1-42 aggregates (gray bars in the center).
Interestingly, at 24 hours, the PM degradation caused by coexposure to paclitaxel and
Aβ1-42 aggregates was 49% lower than the PM degradation induced by Aβ1-42 aggregates
alone (black bars to the right). This effect was lost after 48 hours of treatment. This
indicates that MT-stabilization by paclitaxel may be able to delay the onset of
cytotoxicity mediated by Aβ1-42 aggregates.
There was no statistical difference in the MTT reduction of neurons exposed to
paclitaxel at 0.1 or 1.0 µM, Aβ1-42 aggregates, or a combination thereof (Fig. 9b).
However, the MTT response of neurons treated with 10 µM paclitaxel was 23-57%
larger than any other population (including the vehicle control, set a 1.0) after 24 and 48
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hours. This trend of increasing MTT response with increasing concentrations of
paclitaxel also appeared in two other independent experiments (data not shown). This
likely occurred because the MT network is highly associated with mitochondrial shape,
movement and function [106-109], and its stabilization could promote mitochondrial
activity. For example, hyperphosphorylation of Tau, which is a critical component to MT
stabilization, inhibited mitochondrial function in PC-12 cells and mouse brain cortical
neurons [110]. Thus, it is not unreasonable to observe an increase in MTT response after
MT-stabilization. Nevertheless, there was no significant difference in MTT reduction
between neurons coexposed to paclitaxel (at all concentrations) and Aβ1-42 aggregates, or
neurons treated with the peptide solution only. Combined with results of the plasma
membrane degradation assay, this data suggests that MT-stabilization can improve the
cellular response mechanisms to cope with the Aβ1-42 aggregate exposure.

5.4 Discussion
Our studies sought to determine the role of the MT modification on cytotoxicity mediated
by Aβ1-42 aggregates. This was accomplished by examining the effects of MT disruption
and stabilization in GT1-7 neurons exposed to 5 µM Aβ1-42. Although over 95% of
neurons in each sample treatment group had membrane bound Aβ1-42 aggregates, MT
disruption by colchicine and nocodazole significantly reduced the extent of aggregatemembrane binding per cell. The reduction of aggregate-membrane binding likely
occurred due to the compromised nature of the neurons that received an MT disrupting
treatment. Alterations in neuronal rigidity caused by MT alterations did not appear to
affect aggregate-membrane binding; specifically, colchicine reduced neuronal rigidity
and nocodazole increased neuronal rigidity compared to neurons with unaltered MTs.
This contrasting effect was unexpected, considering that both colchicine and nocodazole
cause MT depolymerization at high concentrations [111], but the discrepancy could be
due to the differing binding affinities of each drug to tubulin, and/or their mechanisms of
action. Literature reports on the tubulin binding site(s) for nocodazole or colchicine are
conflicting based on the species which the tubulin was derived from, and experimental
designs [78, 112-118]; however, a common finding is that nocodazole-tubulin binding is
reversible, whereas colchicine-tubulin binding is essentially irreversible [78, 111, 117Microtubule modification influences the cellular response to Aβ aggregates
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120]. Accordingly, the tight binding of colchicine to tubulin likely contributed to the
significant softening of the cells, and to the reduced neuronal viability, compared to
nocodazole treated neurons. In any case, the reduction in neuronal viability caused by
either MT disruptor significantly enhanced the neurotoxicity of Aβ1-42 aggregates. This is
supported by the observation that neurons with unaltered MTs had double the amount of
membrane bound aggregates per cell, but experienced similar or decreased levels of PM
degradation compared to the neurons with disrupted MT networks.
On the contrary, MT stabilization by paclitaxel had a protective effect against
Aβ1-42 aggregates, at least for a short time. This finding is further supported by another
study which demonstrated a protective effect of MT stabilization against Aβ-induced
cytotoxicity on primary neuronal cultures. There, neurons were treated with 0.1 µM
paclitaxel for 2 hours before exposure to either 10 µM Aβ1-42 or Aβ25-35 [103, 121, 122].
Importantly, the Aβ solutions used in those studies were prepared by incubations at 37 °C
for 24 hours in 10 mM Tris-HCl, a preparation technique that is known to produce
fibrillar aggregates [53, 123]. Furthermore, only peptide solutions with greater than 70 %
β-sheet conformation were utilized in that study, as confirmed by circular dichroism [103,
121, 122]. Taken together, the observations that paclitaxel-mediated MT stabilization was
only able to delay toxicity induced by nonfibrillar aggregates of Aβ1-42, but protected
against higher concentrations of fibril-induced toxicity for 48 hours supports the literature
that smaller aggregates exert a more toxic effect than their fibrillar counterparts [83, 105,
124].
Regardless of the MT state (disrupted vs. stabilized), neuronal stiffness
significantly increased after exposure to Aβ1-42 aggregates. This increase in stiffness can
be related to the previous discussion point that MT stabilization only delayed aggregateinduced toxicity compared to a more sustained protective effect against fibrillar
aggregates. Studies have demonstrated that oligomeric Aβ1-42 aggregates caused higher
stiffness in neurons than fibrillar Aβ1-42 [100]; therefore, Aβ1-42-induced increases in cell
stiffness are directly related to increased toxicity, as Aβ1-42 oligomers have been shown to
produce a more toxic effect than fibrils [83, 105, 124]. The mechanism of increased
neuronal stiffness can be explained by findings from model membranes and neuronal
studies. When model membranes were exposed to Aβ1-40, the aggregates caused extensive
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membrane disruption and decreased the mechanical stiffness of the bilayer [125]. In
neurons, a mechanical stiffening occurred after N2a neuroblastoma cells and HT22
hippocampal neurons were exposed to 5 µM oligomeric Aβ1-42 solutions for 30 minutes
[100]. The observation of mechanical contrast between model membranes and whole
cells after Aβ exposure is not unjustified, as mechanical measurements on cells account
for the entire cell system rather than just the membrane. Thus, while the plasma
membrane of a cell may become disrupted and less stiff after Aβ exposure, overall cell
stiffening may be observed due to several factors, or a combination thereof. For example,
Aβ aggregates may interact with the membrane thereby altering the fluidity or creating
pores, which could increase intracellular osmotic pressure by unregulated ion influx [95,
96, 98-100]. Furthermore, studies have demonstrated that in primary hippocampal
neurons, Aβ23-35 and Aβ1-42 (at concentrations greater than 5 µM) exposure stimulated the
production of stress fibers through the activation of p38MAPK (mitogen-associated
protein kinase) [126], which could also contribute to overall cell stiffening. Taken
together, these findings demonstrate that Aβ-membrane interactions may reduce
membrane stiffness while increasing the overall mechanical rigidity of neurons through a
variety of mechanisms.
Our results demonstrate that MT modifications can have a direct influence on the
toxicity of small Aβ1-42 aggregates. MT disruption, a consequence of the normal aging
process, enhanced the toxicity of Aβ1-42 compared to neurons with unaltered or stabilized
MTs. This has further pathological implications for the cell, as both synthetic and humanderived aggregates of Aβ1-42 stimulated Tau phosphorylation in a variety of cell cultures
[37, 127, 128]. Additionally, in vivo studies have demonstrated that injection of Aβ1-42
aggregates into the brains of mice and rhesus monkeys caused Tau phosphorylation and
the formation of NFTs [129, 130]. Considering that the physiological role of Tau is to
modulate MT assembly and stability, Aβ1-42 aggregate-induced phosphorylation disrupts
the proper functioning of Tau thereby destabilizing MTs. This essentially creates a selfsustaining feedback mechanism, where age-related MT disruption enhances the toxic
ability of Aβ1-42 aggregates to trigger the phosphorylation of Tau and further degrade
MTs. This mechanism eventually causes synaptic dysfunction, neuronal death, and the
breakdown of neuronal networks that leads to the clinical symptoms of AD. Given the
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evidence that MTs play such a critical role in AD pathology, MT stabilization has been
explored as a potential treatment strategy [103, 121, 122, 131-133]. Here, we found that
treating neurons with the MT stabilizer, paclitaxel, delayed the onset of toxicity induced
by nonfibrillar Aβ1-42 aggregates, which correlates well with studies demonstrating that
MT stabilization has a more prolonged protective effect against Aβ1-42 fibrils. Future
efforts will examine how other age-related cytoskeletal modifications, such as disruption
of NFs or the actin network, contribute to Aβ1-42 aggregate-induced neurotoxicity.
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